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HOST RECEPTOR FOR PATHOGENIC BACTERIA 



The present application claims priority of US application serial no. 60/065,130, filed 
on November 12, 1997, which disclosure is incorporated herein by reference. 



The present invention relates generally to the virulence of pathogenic organisms and 
more specifically to virulence factors associated with attaching and effacing pathogens, such 
as enteropathogenic and enterohemorrhagic E. coli. 



Enteropathogenic Escherichia coli (EPEC) is a leading cause of infant diarrhea and 
was the first E. coli shown to cause gastroenteritis. EPEC continues to be a significant cause 
of infantile diarrhea in developing nations contributing to high morbidity and mortality. 
EPEC forms small microcolonies on the surface of infected epithelial cells followed by 

15 intimate contact and localized degeneration of the epithelial brush border microvilli, 
cumulating in an attaching and effacing (A/E) lesion. The A/E lesion (or pedestal) is 
associated with the assembly of highly organized cytoskeletal structures in epithelial cells 
immediately beneath the adherent bacteria that include the cytoskeletal components actin, 
a-actinin, myosin light chain, ezrin, and talin. 

20 EPEC is a member of a group of pathogenic organisms, collectively known as 

attaching and effacing pathogens, that adhere to host cells and cause localized accumulation 
of host actin beneath adherent organisms. Pathogens in this group include enterohemorrhagic 
E. coli (EHEC, the causative agent of hemorrhagic colitis and hemolytic uremic syndrome) 
and several other human and animal pathogens, including Citrobacter rodentium and Hafriia 

25 alvei. 

A three-stage model describes enteropathogenic E. coli pathogenesis. An initial 
localized adherence to epithelial cells, mediated by a type IV fimbria, is followed by the 
activation of host epithelial cell signal transduction pathways and intimate attachment to host 
epithelial cells. These final two steps are collectively known as attaching and effacing. The 
30 signal transduction in the host epithelial cells involves activation of host cell tyrosine kinase 
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activity leading to tyrosine phosphorylation of a 90 kilodalton (kDa) host membrane protein, 
Hp90, and fluxes of intracellular inositol phosphate (DP 3 ) and calcium. Following this signal 
transduction, the bacteria adheres intimately to the surface of the epithelial cell, accompanied 
by damage to host epithelial cell microvilli and accumulation of cytoskeletal proteins beneath 
the bacteria. 

Recently, some of the bacterial components involved in pedestal formation have been 
identified. EPEC possess a virulence plasmid which encodes the bundle forming pilus and a 
positive virulence factor regulator, Per. All of the genes which encode products that are 
necessary for pedestal formation are found within a 35 kilobase par (kb) pathogenicity island 
in the E. coli chromosome. Within the Locus of Enterocyte Effacement (LEE) region are 
several genes whose products have different functions, including a type III secretion 
apparatus proteins, secreted effector molecules and their chaperones, and intimin. 

Type HI secretion systems are being increasingly found in many pathogenic Gram- 
negative organisms, and the role of the EPEC type III secretion system is to secrete proteins 
necessary for formation of the A/E lesion. At least two proteins secreted by the EPEC 
secretion system, EspA and EspB, are necessary for activating EPEC induced signals in 
epithelial cells. These signals include calcium and inositol phosphate fluxes, and tyrosine 
phosphorylation of Hp90. Mutations in espA or espB, or those in the type III secretion system 
(sep and cfm), are unable to signal or induce binding of the EPEC adhesin intimin to 
epithelial cell surfaces. 

Intimin is the product of a bacterial chromosomal LEE locus, eaeA , and is a 94 kDa 
EPEC outer membrane protein needed for intimate adherence. Mutants defective in eaeA 
form immature A/E lesions and do not organize phosphotyrosine proteins and cytoskeletal 
components beneath adherent bacteria, although epithelial signal transduction is still 
activated. Intimin participates in reorganization of the underlying host cytoskeleton after 
other bacterial factors (EspA and EspB) stimulate epithelial signal transduction. 

Intimin binding to host cells also stimulates a second wave of signal transduction 
inside the mammalian cell, including tyrosine phosphorylation of phospholipase Cy. In 
cultured cells intimin binds to the tyrosine phosphorylated form of Hp90, but only if 
mammalian cells have been preinfected with EPEC strains possessing an intact type III 



secretion system capable of secreting EspA and EspB. However, little was known about the 
identity of Hp90 other than it is tyrosine phosphorylated following EPEC infection and that it 
serves as a receptor for intimin. Phosphotyrosine proteins (presumably Hp90) are 
concentrated at the tip of the pedestal immediately beneath EPEC, but phosphotyrosine 
residues are not surface exposed in unpermeabilized cells. Biochemically, Hp90 behaves as 
an integral host membrane protein, and appears to be highly conserved. It also appears to 
play a key role in organizing polymerized actin under the adherent bacteria once it binds 
intimin. 

SUMMARY OF THE INVENTION 

The present invention is based on the discovery that a protein (Hp90) associated with 
pedestal formation in attaching and effacing bacteria, through its role as intimin receptor, is 
actually produced by the attaching and effacing bacteria. The present invention provides a 
polypeptide, called Tir (for translocated intimin receptor) which is secreted by pathogenic E. 
coli. Diagnosis of disease caused by pathogenic E. coli can be performed by standard 
techniques, such as those based upon the use of antibodies which bind to Tir to detect the 
protein, as well as those based on the use of nucleic acid probes for detection of nucleic acids 
encoding Tir polypeptide. The invention also provides isolated nucleic acid sequences 
encoding Tir polypeptide, Tir peptides, a recombinant method for producing recombinant 
Tir, antibodies which bind to Tir, and a kit for the detection of Tir-producing E. coli. The 
invention also provides a method of immunizing a host with Tir to induce a protective 
immune response to Tir. The invention further provides a method for screening for 
compounds which interfere with the binding of bacterial pathogens to their receptors. 

In another aspect of the invention, fusion proteins are provided. In this embodiment, 
a polynucleotide encoding Tir is operably linked to a second polynucleotide encoding a 
polypeptide of interest. In a preferred embodiment, the second polynucleotide of interest 
encodes a polypeptide conferring an immune response, however, the Tir polypeptide can be 
linked to any second polypeptide of interest. 

In another embodiment, the fusion proteins of the invention are delivered into a host 

cell. 



Few mammalian receptors have been identified for bacterial adhesins and invasins. 
The discovery that Hp90, now designated Tir, is a bacterial protein was unexpected. All 
previous biochemical data indicated that it was a mammalian integral membrane protein. 
Several pathogenic Gram-negative bacteria use type III secretion systems to cause various 
effects in their host cells. EPEC represents the first pathogen that uses a type HI system to 
insert a bacterial receptor into its host cell. Other pathogens may also use this strategy, 
especially for those in which the mammalian receptor has not been identified. Tir also 
represents the first bacterial protein that is tyrosine phosphorylated in host cells. Other 
virulence factors may be inserted into host cells by type III systems become modified inside 
the host cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows that antibodies generated against the enteropathogenic E. coli (EPEC) 
78 kilodalton (kDa) secreted protein recognize Hp90. 

FIG. 1 A shows the secreted 78 kDa protein found in EPEC growth supernatants. 

FIG. IB shows a Western analysis. Membrane and insoluble fractions from 
uninfected or EPEC infected HeLa cells were loaded in duplicate and resolved by SDS-6% 
PAGE. After blotting to nitrocellulose the samples were probed with anti-PY (PY) or 
anti-EPEC 78 kDa antibodies. Molecular mass markers are in kDa. Ep85 is the 85 kDa 
tyrosine phosphorylated EPEC protein. (-) indicates uninfected cells and (+) indicates EPEC 
infected HeLa cells. 

FIG. 2A shows immunoprecipitation results. The membrane fraction from uninfected 
or intimin mutant infected J774 cells was isolated, aliquotted into two, and then 
immunoprecipitated with anti-PY or anti-EPEC 78 kDa antibodies. The resulting 
immunoprecipitates and cleared supernatants were resolved by SDS-6% PAGE. After 
blotting to nitrocellulose the samples were probed with anti-PY. (-) indicates uninfected cells 
and (+) indicates CVD206 infected J774 cells. 

FIG. 2B shows a two dimensional gel electrophoresis of intimin mutant infected J774 
cell membrane fractions probed with anti-PY or EPEC 78 kDa antibodies. The membrane 
fraction from intimin mutant infected J774 cells was prepared as described, and resolved by 



isoelectric focusing followed by SDS-8%-PAGE, prior to transfer to nitrocellulose for 
immunoblotting with anti-PY or anti-EPEC 78 kDa antibodies. 

FIG. 3 shows that the migrational difference between secreted EPEC 78 and 
membrane associated Hp90 (Tir) is due to phosphorylation. HeLa cells were infected with 
the intimin mutant, CVD206, to induce Hp90 phosphorylation. Membrane fractions used for 
phosphatase treatment were isolated in the absence of phosphatase inhibitors, and incubated 
with 2 units of alkaline phosphatase for 4 hr at 37°C. Alkaline phosphatase treated (+) or 
untreated (-) samples as well as EPEC supernatant containing the secreted proteins were 
loaded in duplicate and resolved by SDS-6% PAGE. After blotting to nitrocellulose the 
samples were probed with anti-PY or anti-EPEC 78 kDa antibodies. Molecular mass markers 
are in kDa. 

FIG. 4 shows that anti-PY and EPEC 78 kDa antibodies label identical structures in 
infected mammalian cells. Immunofluorescent labeling of HeLa cells following 3 hr EPEC 
infection. Fixed and permeabilized cells were co-labeled with either anti-PY and anti-EPEC 
78 kDa antibodies (A-D), or FITC-phalloidin and anti-EPEC 78 kDa (E-H). Panels D and H 
are superimpositions of panels B and C, and F and G respectively. For panels E-H, fields 
were selected to show infected cells with most developed actin pedestals. Arrows indicate 
nonadherent bacteria. 

FIG. 5 shows that the transfer of Tir to host cells is dependent on the type HI 
secretion apparatus and the EPEC secreted proteins EspA and EspB. HeLa cells were 
infected with EPEC or strains containing mutations in eaeA (intimin), espA, espB, tir, or 
cfm-14 and their Triton X-100 soluble (membrane) and insoluble (bacteria and cytoskeleton) 
fractions isolated. Samples were resolved by SDS-6% PAGE and transferred to nitrocellulose 
prior to probing with anti-EPEC 78 kDa antibodies. Tir related proteins (90, 78 kDa) are 
indicated by arrows. Molecular mass markers are in kDa. 

FIG. 6 shows the nucleotide sequence and predicted protein of tir (A) and genetic 
map (B). In FIG. 6A, two putative membrane spanning domains are underlined, and the 6 
tyrosine residues are shaded. In FIG. 6B, the location of tir in Locus of Enterocyte 
Effacement (LEE) and the gene deletion strategy are diagramed. 

FIG. 7 shows the T7 and HSV epitope tagging of Tir. 



FIG. 7A shows that Tir mutant did not cause significant accumulation of 
phosphotyrosine proteins or actin beneath adherent bacteria. HeLa cells were infected for 3 
hr. with EPEC, Mr, or Mr expressing a cloned T7-Tir or Tir-HS V fusion protein. Infected 
cells were fixed and labeled with either anti-PY, anti-T7, or anti-HS V antibodies followed by 
appropriate goat anti-mouse FITC conjugated antibodies. Polymerized actin was stained with 
phalloidin-Texas Red. Fluorescence microscopy of infected cells revealed typical pedestal 
formation with co-localization of both T7 and HSV epitopes and actin in characteristic 
horseshoe patterns. 

FIG. 7B shows that T7-Tir was detectable in HeLa cell membrane extracts using 
antibodies against EPEC 78 kDa, T7, and PY. To prove that T7-Tir was tyrosine 
phosphorylated, T7 specific antibodies were used to immunoprecipitate membrane fractions 
of HeLa cells infected with CVD206 or the T7-Tir strain. As expected the T7 antibodies did 
not immunoprecipitate the 90 kDa Tir protein, while they precipitated the slightly larger 
T7-Tir fusion protein which was recognized by antibodies against either PY, T7, or EPEC 
78. HeLa cells were infected with the CVD206 (1) or Mr expressing the T7-Tir fusion 
protein (2). The Triton soluble (membrane) fractions were then isolated and 
immunoprecipitated with anti-T7 antibodies. Membrane and T7 immunoprecipitates were 
loaded in triplicate and resolved by SDS-6% PAGE. After blotting to nitrocellulose the 
samples were then probed with anti-PY, anti-T7, or anti-EPEC 78 kDa antibodies. Solid 
arrows indicate the migrational position of Tir and shaded arrows that of T7-Tir. The 
addition of the T7 tag increased the apparent molecular mass of the Tir phosphorylated 
protein compared to that observed with CVD206. In contrast to T7-Tir ? Tir itself did not 
cross-react with the T7 antibodies. 

FIG. 8 shows that intimin binds Tir from EPEC. 

FIG. 8 A shows that the His-T7Int protein specifically bound to a single 78 kDa band, 
subsequently identified as Tir by probing the same blot with anti-EPEC 78 kDa antibodies. 
This binding occurred in a concentration dependant manner. Using gel overlay systems, 
various intimin fusion proteins only bind to Tir but not to the larger molecular weight p, 
integrins (or any other epithelial membrane molecule). EPEC or tir growth supernatants were 
isolated, 2-fold serial dilutions made and each doped with equal amounts of HeLa membrane 



extracts. Samples were resolved by 12% SDS-PAGE and transferred to nitrocellulose in 
duplicate prior to overlaying with 130 Dg of His-T7Int fusion protein and probing with T7 
specific antibodies (left panel). Following this, the same blot was reacted with anti-EPEC 78 
kDa antibodies (right panel). Dilutions are indicated at top of gels with position of molecular 
mass markers on the side. 

FIG. 8B shows that the presence of roughly equivalent levels of the other EPEC 
secreted proteins and the absence of Tir in the tir supernatant was confirmed by Coomassie 
staining and conventional ELISA probing supernatant dilutions with anti-EPEC 78 kDa or 
EspB antibodies. Serial dilutions of purified His-T7Int fusion protein was added to the coated 
ELISA plate and bound fusion protein detected using anti-T7 antibodies. Coomassie stained 
profile of secreted proteins derived from 1 ml of EPEC or tir supernatant used in binding 
assays (left panel). The middle panel demonstrates dose dependent binding of the His-T7Int 
fusion to Tir 100 \i\ EPEC or tir supernatant (in triplicate) was added to ELISA wells and 
incubated with serial dilutions of His-T7Int peptide. Binding of the His-T7Int protein was 
detected spectrophotometrically (A 490 ) using T7 specific antibodies as described in 
EXAMPLE VII. As shown in the middle panel, His-T7Int bound only to the wells containing 
Tir in the growth supernatant. This binding was in a dose dependent manner, with near 
saturation binding occurring at 75 ng/well (25 nM). The right panel demonstrates that 
binding of a constant amount of His-T7Int (75 ng/well) to EPEC supernatants containing Tir 
is competitively inhibited by increasing amounts of by MBP-Int, but not MBP. Results are 
shown ± standard deviation. His-T7Int (75 ng/well) binding to immobilized EPEC 
supernatants was inhibited in a dose dependent manner by increasing concentrations of 
maltose binding protein (MBP)-intimin fusion peptide, but not by MBP alone. 50% 
inhibition of binding occurred with roughly equal molar amounts of both fusion proteins (25 
nM). These results again emphasize that intimin can bind unphosphorylated Tir in a specific 
manner. 

FIG. 9 shows the sequence similarity between Tir polypeptides form EPEC (SEQ ID 
NO:2) and EHEC (SEQ ID NO:4). 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a polypeptide, called Tir, which is secreted by 
attaching and effacing pathogens, such as the enteropathogenic (EPEC) and 
enterohemorrhagic (EHEC) E. coli. The present invention provides a polypeptide, called Tir 
5 ( for translocated intimin receptor, which is secreted by pathogenic E. coli, such as the 

enteropathogenic (EPEC) and enterohemorrhagic (EHEC) E. coli. These bacterial pathogens 
insert their own receptors into mammalian cell surfaces, to which the bacterial pathogen then 
adheres to trigger additional host signaling events, such as actin nucleation. Diagnosis of 
disease caused by Tir-producing pathogens can be performed by standard techniques, such as 

10 those based upon the use of antibodies which bind to Tir to detect the protein, as well as 
those based on the use of nucleic acid probes for detection of nucleic acids encoding Tir 
polypeptide. The invention also provides isolated nucleic acid sequences encoding Tir 
polypeptide, Tir peptides, a recombinant method for producing recombinant Tir, antibodies 
which bind to Tir, and a kit for the detection of Tir-producing organisms. The invention also 

15 provides a method of immunizing a host with Tir to induce a protective immune response to 
Tir. The invention further provides a method for screening for compounds which interfere 
with the binding of Tir-producing pathogens to Tir. 

The details of the preferred embodiments of the present invention are set forth in the 
accompanying drawings and the description below. Based on the details of the invention 

20 described herein, numerous additional innovations and changes will become obvious to one 
skilled in the art. 

Tir Polypeptide 

The invention provides a substantially purified translocated intimin receptor (Tir) 
polypeptide that binds intimin. As used herein, the term "Tir" (for translocated intimin 
25 receptor) refers to a secreted polypeptide that binds intimin. 

The discovery that Hp90, now designated Tir, is a bacterial protein was unexpected. 
All previous biochemical data indicated that it was a mammalian integral membrane protein. 
The only means of detection was anti-PY antibodies. It had previously been assumed that in 
uninfected cells it was in the unphosphorylated form and thus undetectable. However, Tir 



-8- 



was found in all EPEC infected mammalian cell types examined, and it behaved as a 
conserved protein. 

Several lines of evidence now prove the bacterial origin of Tir. Firstly, polyclonal 
antibodies against the EPEC-secreted Tir protein recognize and immunodeplete membranes 
of Tir. Secondly, isoelectric focusing and fluorescence microscopy experiments with both PY 
and Tir antibodies demonstrate its identity. Thirdly, the identification and deletion of the 
EPEC tir gene, and generation of epitope tagged Tir fusion proteins, prove that the bacterial 
Tir protein becomes tyrosine phosphorylated and behaves as Hp90. Finally, intimin interacts 
directly and specifically with the secreted Tir protein from EPEC. 

Tir delivery into host cells requires EspA, EspB, and the type III secretion apparatus. 
In strains lacking EspA and EspB a tyrosine phosphorylated Tir is not detectable in HeLa. 
Whether Tir delivery is sufficient to activate the other signals seen in EPEC infected cells 
(such as calcium and inositol phosphate fluxes, myosin light chain phosphorylation, actin 
rearrangement), or whether EspA and EspB mediate these signals via additional mechanisms 
remains to be resolved. These various processes can not be uncoupled at present. Upon 
contact with epithelial cells, EspB adopts a protease resistant form associated with epithelial 
membranes, which may facilitate Tir delivery into the host cell membrane. 

Tir has at least three identified functions. One function is as the EPEC intimin 
receptor on mammalian cell surfaces, binding intimin on the bacterial surface. This binding, 
at least under the in vitro conditions described here, does not require tyrosine 
phosphorylation as the intimin fusion protein His-T7Int bound the bacterial secreted 
unphosphorylated form of Tir in a specific manner. Strains lacking EspA, EspB, or Tir are 
unable to induce intimin-mediated binding which is needed for intimate adherence, 
presumably because they are unable to deliver Tir to the host cell surface. Several lines of 
evidence show that Tir is located in the plasma membrane and functions an integral epithelial 
membrane protein. Intimin fusion protein only binds to fixed epithelial cells that have been 
preinfected with EPEC strains that deliver Tir to the host cell suggesting that Tir is surface 
exposed. Tir co-localizes with the epithelial cell membrane extracts and cannot be extracted 
with high salt from these extracts. It is unlikely that Tir is in another membrane, given its 
co-localization beneath adherent bacteria at the cell surface (FIG. 4) and its ability to bind 



intimin. Tir is sensitive to limited surface proteolysis in unpermeabilized cells. Fluorescence 
microscopy data demonstrated that anti-EPEC 78 kilodalton (kDa) antibodies only bind to 
unpermeabilized membranes of intimin-mutant infected cells, but not tir infected or 
uninfected cells, also supporting a plasma membrane surface exposed location. Finally, 
phosphotyrosine antibodies only recognize Tir in permeabilized cells, indicating a 
transepithelial membrane orientation with tyrosine phosphorylated residues at the 
cytoplasmic face. 

A second function of Tir is to nucleate actin following intimin binding. Strains 
lacking intimin or Tir are unable to localize actin beneath adherent bacteria, although there is 
a pronounced accumulation of actin in the general vicinity of bound bacteria. Given that Tir 
is located at the tip of the pedestal within mammalian cells, and that if the Tir-intimin linkage 
does not occur actin is not organized beneath bacteria, it is likely that Tir is involved in 
linking actin either directly or indirectly to the host membrane thereby forming the pedestal. 

A third function of Tir (which is probably related to the actin organization) deals with 
transmitting additional signals to host cells once the Tir-intimin interaction occurs. Intimin 
mediated binding to epithelial cells triggers tyrosine phosphorylation of phospholipase Cy 
and other host proteins. These signals follow Tir phosphorylation and other early signal 
events and intimin binding. Few actin-membrane linking proteins have been identified, and 
Tir represents a novel candidate for such a function, given its bacterial origin. However, two 
other bacterial molecules from pathogenic Listeria monocytogenes and Shigella species, 
ActA and IcsA, are capable of nucleating actin through various cytoskeletal crosslinkers, 
albeit from a cytoplasmic location. However, EPEC induced cytoskeletal structures are more 
reminiscent of microvilli and, thus, EPEC affords a unique model to study the assembly of 
such structures. 

An unexpected result of this invention is the discovery that intimin does not bind to 
p! integrins. The 280 C-terminal residues of intimin do not bind to pj integrins. Binding of 
MBP-Int (the construction of which is described in EXAMPLE VII) to epithelial cells had 
been detected when the cells have been preinfected with EPEC, but not to uninfected cells or 
those infected with type HI secretion or signaling mutants, cells which still express 
p! integrins. However, when MBP-Int is used to precipitate the 90 kDa form of Tir from 
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epithelial membranes, p, integrins are not co-precipitated, despite their presence in the 
epithelial membrane extract used for precipitations. Additionally, using gel overlay systems 
(described in EXAMPLE VII), various intimin fusion proteins only bind to Tir but not to the 
larger molecular weight ^ l integrins or any other epithelial membrane molecule (FIG. 8 A). 
These results show that Tir, and not integrins, is the main intimin receptor on cultured 
mammalian cells. 

The Tir polypeptide provided by the invention may be produced by any organism. 
Specifically, the Tir polypeptide provided by the invention may be produced by bacteria. 
Several pathogenic Gram-negative bacteria use type III secretion systems to cause various 
effects in their host cells. EPEC represents only the first pathogen that uses a type HI system 
to insert a bacterial receptor into its host cell. Other pathogens are expected to use this 
strategy, especially those pathogens in which the mammalian receptor has not been 
identified. Tir also represents the first bacterial protein that is tyrosine phosphorylated in host 
cells. Other virulence factors are expected to inserted into host cells by type III systems, 
possibly later becoming modified inside the host cell. EPEC is a member of a group of 
related pathogens that cause A/E lesions. Given the similarity of the various intimins, EspA, 
EspB, and the type HI secretion systems found in these pathogens, it is expected that 
attaching and effacing pathogens follow a similar strategy for mediating intimate adherence. 
Indeed, reported sequences upstream of orj\J from EPEC, RDEC and Citrobacter strains 
have partial open reading frames homologous to the C-terminal sequence of EPEC Tir. 

The Tir polypeptide provided by the invention may be produced by Gram-negative 
bacteria. The Gram-negative bacteria are a diverse group of organisms and include 
Spirochaetes such as Treponema and Borrelia, Gram-negative bacilli including the 
Pseudomonadaceae, Legionellaceae, Enterobacteriaceae, Vibrionaceae, Pasteurellaceae, 
Gram-negative cocci such as Neisseriaceae, anaerobic Bacteroides, and other Gram-negative 
bacteria including Rickettsia, Chlamydia, and Mycoplasma. 

Gram-negative bacilli (rods) are important in clinical medicine. They include (1) the 
Enterobacteriaceae, a family which comprises many important pathogenic genera, (2) Vibrio, 
Campylobacter and Helicobacter genera, (3) opportunistic organisms (e.g., Pseudomonas, 
Flavobacterium, and others) and (4) Haemophilus and Bordetella genera. The Gram-negative 
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bacilli are the principal organisms found in infections of the abdominal viscera, peritoneum, 
and urinary tract, as well secondary invaders of the respiratory tracts, burned or traumatized 
skin, and sites of decreased host resistance. Currently, they are the most frequent cause of 
life-threatening bacteremia. Examples of pathogenic Gram-negative bacilli are E. coli 
(diarrhea, urinary tract infection, meningitis in the newborn), Shigella species (dysentery), 
Salmonella typhi (typhoid fever), Salmonella typhimurium (gastroenteritis), Yersinia 
enterocolitica (enterocolitis), Yersinia pestis (black plague), Vibrio cholerae (cholera), 
Campylobacter jejuni (enterocolitis), Helicobacter jejuni (gastritis, peptic ulcer), 
Pseudomonas aeruginosa (opportunistic infections including burns, urinary tract, respiratory 
tract, wound infections, and primary infections of the skin, eye and ear), Haemophilus 
influenzae (meningitis in children, epiglottitis, otitis media, sinusitis, and bronchitis), and 
Bordetella pertussis (whooping cough). Vibrio is a genus of motile, Gram-negative 
rod-shaped bacteria (family Vibrionaceae). Vibrio cholerae causes cholera in humans; other 
species of Vibrio cause animal diseases. E. coli colonize the intestines of humans and warm 
blooded animals, where they are part of the commensal flora, but there are types of E. coli 
that cause human and animal intestinal diseases. They include the enteroaggregative E. coli 
(EaggEC), enterohaemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), 
enteropathogenic E. coli (EPEC) and enterotoxigenic E. coli (ETEC). Uropathogenic E. coli 
(UPEC) cause urinary tract infections. There are also neonatal meningitis E. coli (NMEC). 
Apart from causing similar infections in animals as some of the human ones, there are 
specific animal diseases including: calf septicaemia, bovine mastitis, porcine oedema 
disease, and air sac disease in poultry. 

A homologous tir gene in EHEC (SEQ ID NO: 3) has been cloned. However, EHEC 
does not cause tyrosine phosphorylation of its receptor, indicating differences between these 
two pathogens. The invention thus provides a useful scientific method to investigate 
pathogenesis by cell biology. 

The fact that EPEC Tir, but not EHEC Tir, is tyrosine phosphorylated provides a 
method to differentiate these two pathogens that contain very similar virulence factors. Thus, 
bacteria may be probed with anti-phosphotyrosine and anti-Tir antibodies. As used herein, 
"anti-phosphotyrosine" antibodies are those antibody which bind to an epitope, wherein the 

-12- 



epitope has a phosphorylated tyrosine. Anti-phosphotyrosine antibodies bind to proteins with 
phosphorylated tyrosine but not to tyrosine which is not phosphorylated. Detection of 
binding of anti-phosphotyrosine and tir antibodies to bacteria may be either by 
immunofluorescence or Western blots. EPEC will be positive for both anti-phosphotyrosine 
and anti-Tir binding. EHEC will be positive for both anti-Tir binding and negative for 
anti-phosphotyrosine binding. 

The pathogenic bacteria in the Gram-negative aerobic cocci group include Neisseria, 
Moraxella (Branhamella), and the Acinetobacter. The genus Neisseria includes two 
important human pathogens, Neisseria gonorrhoeae (urethritis, cervicitis, salpingitis, 
proctitis, pharyngitis, conjunctivitis, pharyngitis, pelvic inflammatory disease, arthritis, 
disseminated disease) and Neisseria meningitides(mtrimgi\is, septicemia, pneumonia, 
arthritis, urethritis). Other Gram-negative aerobic cocci that were previously considered 
harmless include Moraxella (Branhamella) catarrhalis (bronchitis and bronchopneumonia in 
patients with chronic pulmonary disease, sinusitis, otitis media) has recently been shown to 
be an common cause of human infections. 

The Tir polypeptide provided by the invention may be secreted by Gram-negative 
bacteria through the type III secretion system. Gram-negative bacteria utilize specialized 
machinery to export molecules across their two membranes, a process critical for moving 
virulence factors to the bacterial surface where they can interact with host components. 
Gram-negative secretion has been divided into four major pathways. First, the Type I 
secretion is used by a small family of toxins, with E. coli hemolysin being the prototype. 
Second, the type II secretion system is the major export pathway used by most 
Gram-negative bacteria to export many molecules, including some virulence factors; it shares 
homology to mammalian drug resistance mechanisms. Third, the type IV secretion system is 
encoded within the secreted product, which cleaves itself as part of the secretion mechanism; 
the prototype of this system is the Neisseria IgA protease. Fourth, the most recently 
discovered secretion pathway, is the type III pathway. 

Type III secretion systems were originally described as a secretion system for 
Yersinia secreted virulence proteins, YOPs, which are critical for Yersinia virulence. A 
homologous secretion system was then identified in several plant pathogens, including 
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Pseudomonas syringae, P. solanacearurn, and Xantharmonas carnpestris. These plant 
pathogens use this secretion pathway to secrete virulence factors (harpins and others) that are 
required for causing disease in plants. Although the secretion system is similar, harpins and 
YOPs {i.e. the secreted virulence factors) are not homologous polypeptides. Several other 
type III secretion systems necessary for virulence have more recently been identified in other 
pathogens. These systems include the invasion systems Salmonella and Shigella use to enter 
cells and cause disease. Another type EI secretion system has been identified in Salmonella 
which is critical for disease, although the secreted products of this pathway and the virulence 
mechanisms have not been established yet. Pseudomonas aeruginosa has a type III secretion 
system necessary for secretion of Exoenzyme S, a potent virulence factor. 

In one embodiment, Tir polypeptide may be secreted by an attaching and effacing 
(A/E) pathogen, such as EPEC or EHEC. Tir from EPEC is necessary for activating 
epithelial cell signal transduction, intimate contact, and formation of attaching and effacing 
lesions, processes correlated with disease. Examples of epithelial cells are cells of the 
intestines, cells of the HeLa cell line, and cells of the J774 cell line. 

In one embodiment, Tir has a molecular weight of about 78 kDa as determined by 
SDS-PAGE, but when obtained from epithelial cells (Hp90) has a molecular weight of about 
90 kDa as determined by SDS-PAGE. Although the Tir protein secreted from EPEC is 
predicted to encode a 56.8 kDa protein, a molecular mass of about 78 kDa was observed for 
the secreted protein, which may reflect some additional bacterial modification or abnormal 
migration due to amino acid composition or structural features. Tir is predicted to have two 
transmembrane domains with the six tyrosine residues, potential kinase substrates, in the 
C-terminal half. 

Tir polypeptides included in the invention can have one of the amino acid sequences 
of Tir from pathogenic E. coli, for example, the amino acid sequence of SEQ ID NO:2 and 
SEQ ID NO:4. 

As used herein, the term "polypeptide" encompasses any naturally occurring allelic 
variant thereof as well as manufactured recombinant forms. Tir polypeptides encompass both 
naturally occurring and recombinant forms, i.e., non-naturally occurring forms of the protein 
and the peptide that are sufficiently identical to naturally occurring Tir peptide to have a 
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similar function of binding to the intimin or intimin-like receptor. Examples of such 
polypeptides include the Tir polypeptides from enteropathogenic and enterohemorrhagic E. 
coli, but are not limited to them. Protein and polypeptides include derivatives, analogs and 
peptidomimetics and fusion proteins. Alternatively, Tir peptides can be chemically 
synthesized using synthesis procedures known to one skilled in the art. Preferably, an 
automated peptide synthesizer is used with NTmoc amino acids on a polyethylene glycol- 
polystyrene (PEGPS) graft resin. Suitable linkers such as a peptide amide linker (PAL) can 
be used, for example, to create carboxamide end groups. 

Fragments of Tir are also useful, in addition to the full-length polypeptide sequence 
of Tir. The invention also includes fragments of Tir polypeptides that retain at least one Tir- 
specific activity or epitope. For example, a Tir polypeptide fragment containing, e.g., at least 
8-10 amino acids can be used as an immunogen in the production of Tir-specific antibodies. 
The fragment can contain, for example, an amino acid sequence that is conserved in Tir. 
Different fragments of Tir are useful in raising an immune response to Tir-producing 
pathogens. For example, different antibodies to different fragments of Tir are useful for 
blocking different interactions between Tir and other molecules, such as intimin. It is well- 
known to those of skill in the immunological arts that a set of antibodies to different aspects 
of a molecule are more useful than a single antibody to one aspect of the molecule. In 
addition to their use as peptide immunogens, the above-described Tir fragments can be used 
in immunoassays, such as ELISAs, to detect the presence of Tir-specific antibodies in 
samples. Furthermore, fragments of Tir are useful in interfering with the binding between 
full-length Tir polypeptide and intimin. A method of screening for Tir polypeptide and other 
compounds which interfere with the binding of Tir polypeptide and intimin is described 
infra. 

Additionally, the Tir polypeptide or fragments thereof which retain the biological 
property of allowing delivery to a host cell may prove useful as a delivery mechanism for 
fusion proteins. As mentioned above, Tir is inserted into host cell membranes by EPEC. 
Given that Tir eventually resides in host cells, this raises the opportunity to exploit Tir as a 
delivery system for foreign fusion proteins fused to Tir to be delivered into host cells. This 
system can be used to alter the immune response to foreign proteins, for example a cell 
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mediated/T cell response would be elicited by antigen fused to Tir and presented on the 
surface of cells, thus the antigen would be presented by a self or host cells rather than as a 
secreted protein. Alternatively, Tir can function as an adjuvant when fused to foreign 
sequences, thus eliciting a B-cell response, improving the immune response over peptides 
alone. 

The term "substantially purified" is used herein to describe a molecule, such as a 
polypeptide (e.g., a Tir polypeptide, or a fragment thereof) that is substantially free of other 
proteins, lipids, carbohydrates, nucleic acids, and other biological materials with which it is 
naturally associated. For example, a substantially purified molecule, such as a polypeptide, 
can be at least 60%, by dry weight, the molecule of interest. One skilled in the art can purify 
Tir polypeptides using standard protein purification methods and the purity of the 
polypeptides can be determined using standard methods including, e.g., polyacrylamide gel 
electrophoresis (e.g., SDS-PAGE), column chromatography (e.g., high performance liquid 
chromatography (HPLC)), and amino-terminal amino acid sequence analysis. 

Also included in the invention are polypeptides having sequences that are 
substantially identical to the sequence of a Tir polypeptide. A substantially identical amino 
acid sequence is a sequence that differs from a reference sequence only by conservative 
amino acid substitutions, for example, substitutions of one amino acid for another of the 
same class (e.g., substitution of one hydrophobic amino acid, such as isoleucine, valine, 
leucine, or methionine, for another, or substitution of one polar amino acid for another, such 
as substitution of arginine for lysine, glutamic acid for aspartic acid, or glutamine for 
asparagine), or by one or more non-conservative substitutions, deletions, or insertions, 
provided that the polypeptide retains at least one Tir-specific activity or a Tir-specific 
epitope. For example, one or more amino acids can be deleted from a Tir polypeptide, 
resulting in modification of the structure of the polypeptide, without significantly altering its 
biological activity. For example, amino- or carboxyl-terminal amino acids that are not 
required for Tir biological activity, can be removed. Such modifications can result in the 
development of smaller active Tir polypeptides. 

Other Tir polypeptides included in the invention are polypeptides having amino acid 
sequences that are at least 50% identical to the amino acid sequence of a Tir polypeptide, 
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such as SEQ ID N0:2 and SEQ N0:4. The length of comparison in determining amino acid 
sequence homology can be, for example, at least 15 amino acids, for example, at least 20, 25, 
or 35 amino acids. Homology can be measured using standard sequence analysis software 
(e.g., Sequence Analysis Software Package of the Genetics Computer Group, University of 
Wisconsin Biotechnology Center, 1710 University Avenue, Madison, WI 53705; also see 
Ausubel, et al , supra). 

The Tir polypeptides of the invention can be obtained using any of several standard 
methods. For example, Tir polypeptides can be produced in a standard recombinant 
expression systems (see below), chemically synthesized (this approach may be limited to 
small Tir peptide fragments), or purified from bacteria in which they are naturally expressed 
(see, e.g., Ausubel, et al, supra). 

Polypeptides corresponding to one or more domains of the Tir polypeptide, truncated 
or deleted Tir polypeptides, as well as fusion proteins in which full length Tir proteins, 
polypeptides or derivatives (including fragments), or truncated Tir, are fused to an unrelated 
protein are also within the scope of the invention and can be designed on the basis of the tir 
nucleotide and Tir amino acid sequences disclosed in this section and the section above. The 
fusion protein may also be engineered to contain a cleavage site located between a Tir 
sequence and the non-Tir protein sequence, so that the Tir polypeptide may be cleaved away 
from the non-Tir moiety. Such fusion proteins or polypeptides include but are not limited to 
IgFc fusion which may stabilize the Tir protein in vivo; or fusion to an enzyme, fluorescent 
protein, a second polypeptide of interest or luminescent protein which provide a marker 
function. The polypeptide of interest may be an antigen to which it is desired to raise an 
immune response or to raise selective immunity. 

Tir Polynucleotide 

The invention also provides isolated polynucleotides that encode the Tir polypeptides 
described above, as well as fragments thereof. For example, isolated polynucleotides may 
encode the Tir polypeptides with the amino acid sequences of SEQ ID NO:2 and SEQ ID 
NO:4. These polynucleotides can contain naturally occurring nucleotide sequences or 
sequences that differ from those of the naturally occurring nucleic acids that encode Tir, but 
encode the same amino acids, due to the degeneracy of the genetic code. The nucleic acids of 
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the invention can contain DNA or RNA nucleotides, or combinations or modifications 
thereof. 

By "isolated polynucleotide" is meant a polynucleotide, e.g., a DNA or RNA 
molecule, that is not immediately contiguous with the 5' and 3' flanking sequences with 
which it normally is immediately contiguous when present in the naturally occurring genome 
of the organism from which it is derived. The term thus describes, for example, a nucleic acid 
that is incorporated into a vector, such as a plasmid or viral vector; a nucleic acid that is 
incorporated into the genome of a heterologous cell (or the genome of a homologous cell, but 
at a site different from that at which it naturally occurs); and a nucleic acid that exists as a 
separate molecule, e.g., a. DNA fragment produced by PCR amplification or restriction 
enzyme digestion, or an RNA molecule produced by in vitro transcription. The term also 
describes a recombinant nucleic acid that forms part of a hybrid gene encoding additional 
polypeptide sequences that can be used, for example, in the production of a fusion protein. 

As used herein, the term "amplifying" refers to increasing the number of copies of a 
specific polynucleotide. For example, polymerase chain reaction (PCR) is method for 
amplifying a polynucleotide sequence using a polymerase and two oligonucleotide primers, 
one complementary to one of two polynucleotide strands at one end of the sequence to be 
amplified and the other complementary to the other of two polynucleotide strands at the other 
end. Because the newly synthesized DNA strands can subsequently serve as additional 
templates for the same primer sequences, successive rounds of primer annealing, strand 
elongation, and dissociation produce rapid and highly specific amplification of the desired 
sequence. PCR also can be used to detect the existence of the defined sequence in a DNA 
sample. In a specific embodiment, the invention provides a method for amplifying and thus 
detecting tir polynucleotide. 

The nucleic acid molecules of the invention can be used as templates in standard 
methods for production of Tir gene products {e.g., Tir RNAs and Tir polypeptides; see 
below). In addition, the nucleic acid molecules that encode Tir polypeptides (and fragments 
thereof) and related nucleic acids, such as (1) nucleic acids containing sequences that are 
complementary to, or that hybridize to, nucleic acids encoding Tir polypeptides, or fragments 
thereof (e.g., fragments containing at least 12, 15, 20, or 25 nucleotides); and (2) nucleic 
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acids containing sequences that hybridize to sequences that are complementary to nucleic 
acids encoding Tir polypeptides, or fragments thereof (e.g., fragments containing at least 12, 
15, 20, or 25 nucleotides); can be used in methods focused on their hybridization properties. 
For example, as is described in further detail below, such nucleic acid molecules can be used 
in the following methods: PCR methods for synthesizing Tir nucleic acids, methods for 
detecting the presence of a Tir nucleic acid in a sample, screening methods for identifying 
nucleic acids encoding new Tir family members, and therapeutic methods. 

The invention also includes methods for identifying nucleic acid molecules that 
encode members of the Tir polypeptide family in addition to Tir polypeptides shown in FIG. 
9. In these methods, a sample, e.g., a nucleic acid library, such as a cDNA library, that 
contains a nucleic acid encoding a Tir polypeptide is screened with a Tir-specific probe, e.g., 
a Tir-specific nucleic acid probe. Tir-specific nucleic acid probes are nucleic acid molecules 
(e.g., molecules containing DNA or RNA nucleotides, or combinations or modifications 
thereof) that specifically hybridize to nucleic acids encoding Tir polypeptides, or to 
complementary sequences thereof. The term "Tir-specific probe," in the context of this 
method of invention, refers to probes that bind to nucleic acids encoding Tir polypeptides, or 
to complementary sequences thereof, to a detectably greater extent than to nucleic acids 
encoding other polypeptides, or to complementary sequences thereof The term "Tir-specific 
probe" thus includes probes that can bind to nucleic acids encoding Tir polypeptides (or to 
complementary sequences thereof). 

The invention facilitates production of Tir-specific nucleic acid probes. Methods for 
obtaining such probes can be designed based on the sequence similarities of polynucleotide 
sequences encoding Tir polypeptides, amino acid sequence alignments of which are shown in 
FIG. 9. The probes, which can contain at least 12, e.g.,at least 15, 25, 35, 50, 100, or 150 
nucleotides, can be produced using any of several standard methods (see, e.g., Ausubel, et 
al, supra). For example, preferably, the probes are generated using PCR amplification 
methods . In these methods, primers are designed that correspond to Tir-conserved 
sequences, which can include Tir-specific amino acids, and the resulting PCR product is used 
as a probe to screen a nucleic acid library. 
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Nucleotide sequences encoding Tir from EHEC (SEQ ID NO:3) were identified 
generally following this process based upon the analysis of the sequences of SEQ ID NO: 1 . 
The sequence similarities of the encoded protein to the Tir polypeptide of EPEC are shown 
in FIG. 9. 

As is known in the art, PCR primers are typically designed to contain at least 
fifteen nucleotides, for example 15-30 nucleotides. The design of Tir-specific primers 
containing twenty-one nucleotides, which encode Tir peptides containing seven amino acids, 
are described as follows. Preferably, most or all of the nucleotides in such a probe encode 
Tir-conserved amino acids, including Tir-specific amino acids. For example, primers 
containing sequences encoding peptides containing at least 40% Tir-conserved amino acids 
can be used. Such a primer, containing twenty-one nucleotides, can include sequences 
encoding at least three Tir-conserved amino acids. Thus, the primer can contain sequences 
encoding at least one Tir-specific amino acid, for example, up to seven Tir-specific amino 
acids. Once Tir-specific amino acid sequences are selected as templates against which primer 
sequences are to be designed, the primers can be synthesized using, e.g., standard chemical 
methods. As is described above, due to the degeneracy of the genetic code, such primers 
should be designed to include appropriate degenerate sequences, as can readily be 
determined by one skilled in the art. 

As used herein, the term "fcr" refers to polynucleotide encoding the Tir polypeptide. 
These polynucleotides include DNA, cDNA and RNA sequences which encode Tir. All 
polynucleotides encoding all or a portion of Tir are also included herein. Such 
polynucleotides include naturally occurring, synthetic, and intentionally manipulated 
polynucleotides. For example, a tir polynucleotide can be subjected to site-directed 
mutagenesis. The tir polynucleotide sequence also includes antisense sequences. All 
degenerate nucleotide sequences are included in the invention as long as the amino acid 
sequence of Tir peptide encoded by the nucleotide sequence is functionally unchanged. 

This invention encompasses nucleic acid molecules that hybridize to the 
polynucleotide of the invention. As used herein, the term "nucleic acid" encompasses RNA 
as well as single and double-stranded DNA and cDNA. The polynucleotide encoding Tir 
includes SEQ ID NO:l and SEQ ID NO:3, as well as nucleic acid sequences complementary 
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to that sequence. A complementary sequence may include an antisense nucleotide. When the 
sequence is RNA, the deoxynucleotides A, G, C, and T of SEQ ID NO:l and SEQ ID NO:3 
are replaced by ribonucleotides A, G, C, and U, respectively. Also included in the invention 
are fragments of the above-described nucleic acid sequences that are at least 15 bases in 
length, which is sufficient to permit the fragment to selectively hybridize to DNA that 
encodes the protein of SEQ ID NO:2 and SEQ ID NO:4 under physiological conditions. 

In nucleic acid hybridization reactions, the conditions used to achieve a particular 
level of stringency will vary, depending on the nature of the nucleic acids being hybridized. 
For example, the length, degree of complementarity, nucleotide sequence composition (e.g., 
GC v. AT content), and nucleic acid type (e.g., RNA v. DNA) of the hybridizing regions of 
the nucleic acids can be considered in selecting hybridization conditions. An additional 
consideration is whether one of the nucleic acids is immobilized, for example, on a filter. 

An example of progressively higher stringency conditions is as follows: 2 x 
SSC/0.1% SDS at about room temperature (hybridization conditions); 0.2 x SSC/0.1% SDS 
at about room temperature (low stringency conditions); 0.2 x SSC/0.1% SDS at about 42°C 
(moderate stringency conditions); and 0.1 x SSC at about 68 °C (high stringency conditions). 
Washing can be carried out using only one of these conditions, e.g., high stringency 
conditions, or each of the conditions can be used, e.g. , for 1 0- 1 5 minutes each, in the order 
listed above, repeating any or all of the steps listed. However, as mentioned above, optimal 
conditions will vary, depending on the particular hybridization reaction involved, and can be 
determined empirically. 

DNA sequences of the invention can be obtained by several methods. For example, 
the DNA can be isolated using hybridization techniques which are well known in the art. 
These include, but are not limited to (1) hybridization of libraries with probes to detect 
homologous nucleotide sequences, (2) polymerase chain reaction (PCR) on DNA using 
primers capable of annealing to the DNA sequence of interest, and (3) antibody screening of 
expression libraries to detect cloned DNA fragments with shared structural features. 

Screening procedures which rely on nucleic acid hybridization make it possible to 
isolate any gene sequence from any organism, provided the appropriate probe is available. 
Oligonucleotide probes, which correspond to a part of the sequence encoding the protein in 
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question, can be synthesized chemically or produced by fragmentation of the native 
sequence. Chemical synthesis requires that short, oligopeptide stretches of amino acid 
sequence be known. The DNA sequence encoding the protein can be deduced from the 
genetic code, however, the degeneracy of the code must be taken into account. It is possible 
to perform a mixed addition reaction when the sequence is degenerate. This includes a 
heterogeneous mixture of denatured double-stranded DNA. For such screening, hybridization 
is preferably performed on either single-stranded DNA or denatured double-stranded DNA. 
When used in combination with polymerase chain reaction technology, even rare expression 
products can be cloned. 

The invention provides nucleic acid sequences encoding the Tir polypeptides, vectors 
and host cells containing them and methods of expression. After a peptide of Tir is isolated, 
nucleic acids encoding the peptide can be isolated by methods well known in the art. These 
isolated nucleic acids can be ligated into vectors and introduced into suitable host cells for 
expression. Methods of ligation and expression of nucleic acids within cells are well known 
in the art {see, Sambrook et al, Molecular Cloning: A Laboratory Manual, Cold Spring 
Harbor Laboratory, Cold Spring Harbor, New York, 1989, incorporated herein by reference). 
In EXAMPLE V, the primers MS102 + (SEQ ID NO:8) and MS103 - (SEQ ID NO:9) were 
constructed by the use of such methods. 

The invention provides vectors containing polynucleotides encoding the Tir 
polypeptide. As used herein, "vectors" includes plasmids, DNA and RNA viral vectors, 
baculoviral vectors, vectors for use in yeast, and other vectors well known to those of skill in 
the art. Several types of vectors are commercially available and can be used to practice this 
invention. Examples of vectors useful in the practice of this invention include those as 
widely varied as the low-copy vector pMWl 18, the positive-selection suicide vector 
pCVD442, and the commercially available pBluescript II SK(+) (Stragene, La Jolla, CA). 
For example, pCVD442, and pBluescript were used in EXAMPLE V. 

When the vector is a plasmid, it generally contains a variety of components including 
promoters, signal sequences, phenotypic selection genes, origins of replication sites, and 
other necessary components as are known to those of skill in the art. Promoters most 
commonly used in prokaryotic vectors include the lacL promoter system, the alkaline 
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phosphatase phoA promoter, the bacteriophage XPL promoter (a temperature sensitive 

promoter), the tac promoter (a hybrid trp-lac promoter regulated by the lac repressor), the 

tryptophan promoter, and the bacteriophage T7 promoter. For example, the low-copy vector 

pMWl 1 8 is under the control of the lacL promoter. 
5 A signal sequence is typically found immediately 5' to the nucleic acid encoding the 

peptide, and will thus be transcribed at the amino terminus of the fusion protein. 

Typical phenotypic selection genes are those encoding proteins that confer antibiotic 

resistance upon the host cell. For example, ampicillin resistance gene {amp) and the 

tetracycline resistance gene (tet) are readily employed for this purpose. For a different 
10 example, the aph A-3 cassette, encoding a gene for resistance to kanamycin (kan% may be 

cloned into the region of vector containing polynucleotides encoding the Tir polypeptide for 

selection of the vector on kanamycin plates. 

Construction of suitable vectors containing polynucleotides encoding Tir polypeptide 

are prepared using standard recombinant DNA procedures well known to those of skill in the 
15 art. Isolated polynucleotides encoding the Tir polypeptide to be combined to form the vector 

are cleaved and ligated together in a specific order and orientation to generate the desired 

vector. 

The invention provides a host cell containing a vector having a polynucleotide 
encoding the Tir polypeptide. The polynucleotides of the present invention can be used to 

20 produce transformed or transfected cells for enhanced production of the expressed Tir. Tir 
can be isolated from transformed cells by standard methods well known to those of skill in 
the art. The protein could be isolated, for example, using immunoaffinity purification. 

DNA sequences encoding Tir can be expressed in vitro by DNA transfer into a 
suitable host cell. As used herein, "host cells" are cells in which a vector can be propagated 

25 and its DNA expressed. The term also includes any progeny of the subject host cell. It is 
understood that all progeny may not be identical to the parental cell since there may be 
mutations that occur during replication. However, such progeny are included when the term 
"host cell" is used. Methods of stable transfer, meaning that the foreign DNA is continuously 
maintained in the host, are known in the art. 
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The invention also provides a method for producing tir polynucleotide, where the tir 
polynucleotide sequences may be inserted into a recombinant expression vector. The term 
"recombinant expression vector" refers to a plasmid, virus or other vehicle known in the art 
that has been manipulated by insertion or incorporation of the Tir genetic sequences. Such 
expression vectors contain a promoter sequence which facilitates the efficient transcription of 
the inserted genetic sequence of the host. The expression vector typically contains an origin 
of replication, a promoter, as well as specific genes which allow phenotypic selection of the 
transformed cells. 

Polynucleotide sequences encoding Tir can be expressed in either prokaryotes or 
eukaryotes. Hosts can include microbial, yeast, insect and mammalian organisms. Methods 
of expressing DNA sequences having eukaryotic or viral sequences in prokaryotes are well 
known in the art. Biologically functional viral and plasmid DNA vectors capable of 
expression and replication in a host are known in the art. Such vectors are used to incorp- 
orate DNA sequences of the invention. 

In bacterial systems, a number of expression vectors may be advantageously selected 
depending upon the use intended for the Tir gene product being expressed. For example, 
when a large quantity of such a protein is to be produced, for the generation of 
pharmaceutical compositions of Tir polypeptide or for raising antibodies to Tir polypeptide, 
for example, vectors which direct the expression of high levels of fusion protein products 
that are readily purified may be desirable. Such vectors include, but are not limited to the E. 
coli expression vector pUR278 (Ruther et al, 1983, EMBO J. 2: 1791), in which the Tir gene 
product coding sequence may be ligated individually into the vector in frame with the lac z 
coding region that a fusion protein is produced; pIN vectors (Inouye & Inouye, 1985, Nucleic 
Acids Res. 13:3101-3109); and the like. pGEX vectors may also be used to express foreign 
polypeptide as fusion proteins with glutathione S-transferase (GST). In general, such fusion 
proteins are soluble and can easily be purified from lysed cells by adsorption to glutathione- 
agarose beads followed by elution in the presence of free glutathione. The pGEX vectors are 
designed to include thrombin or factor Xa protease cleavage sites so that the cloned target 
gene product can be released from the GST moiety. 
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An alternative fusion protein system allows for the ready purification of non- 
denatured fusion proteins expressed in human cell lines (Janknecht, et al., 1991, Proc. Natl. 
Acad. Sci. USA 88:8972-8976). In this system, the gene of interest is subcloned into a 
vaccinia recombination plasmid such that the gene's open reading frame is translationally 
fused to an amino-terminal tag consisting of six histidine residues. Extracts from cells 
infected with recombinant vaccinia virus are loaded onto Ni 2+ nitriloacetic acid-agarose 
columns and histidine-tagged proteins are selectively eluted with imidazole-containing 
buffers. 

Transformation of a host cell with recombinant DNA may be carried out by 
conventional techniques as are well known to those skilled in the art. Where the host is 
prokaryotic, such as E. coli, competent cells which are capable of DNA uptake can be 
prepared from cells harvested after exponential growth phase and subsequently treated by 
the CaCl 2 method using procedures well known in the art. Alternatively, MgQ or RbCl 
can be used. Transformation can also be performed after forming a protoplast of the host 
cell if desired. For another example, triparental conjugation may be used to genetically 

introduce vector into E. coli. The transformed cells are selected by growth on an antibiotic, 
commonly tetracycline (tef) or ampicillin (amp), to which they are rendered resistant due to 
the presence of tet or amp resistance genes on the vector. 

When the host is a eukaryote, such methods of transfection of DNA as calcium 
phosphate co-precipitates, conventional mechanical procedures such as microinjection, 
electroporation, insertion of a plasmid encased in liposomes, or virus vectors may be used. 
Eukaryotic cells can also be co-transformed with DNA sequences encoding the Tir of the 
invention, and a second foreign DNA molecule encoding a selectable phenotype, such as the 
herpes simplex thymidine kinase gene. Another method is to use a eukaryotic viral vector, 
such as simian virus 40 (S V40) or bovine papilloma virus, to transiently infect or transform 
eukaryotic cells and express the protein. See for example, Eukaryotic Viral Vectors, Cold 
Spring Harbor Laboratory, Gluzman, ed. (1982). 

Isolation and purification of microbial expressed polypeptide, or fragments thereof, 
provided by the invention, may be carried out by conventional means including preparative 
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chromatography and immunological separations involving monoclonal or polyclonal 
antibodies. 

Among the prokaryotic organisms which may serve as host cells are E. coli strain 
JM101, E. coli K12 strain 294 (ATCC number 31 5 446) 5 K coli strain W31 10 (ATCC number 
27,325), E. coli X1776 (ATCC number 31, 537), E coli XL-lBlue (Stratagene), and E coli 
B; however, many other strains of E. coli, such as HB101, NM522, NM538, NM539 and 
many other species and genera of prokaryotes can be used as well. Besides the E. coli strains 
listed above, bacilli such as Bacillus subtillis, other enterobacteriaceae such as Salmonella 
typhimurium or Serratia marcesans and various Pseudomonas species can all be used as 
hosts. In one specific embodiment, the prokaryotic host cell is enteropathogenic E. coli. 

In addition, attenuated or non-pathogenic strains of bacteria may be useful in delivery 
of fusion polypeptides to the intestinal mucosa. For example, live attenuated (e.g., EspA or 
EspB deleted) strains containing a fusion protein or vector encoding a Tir fusion polypeptide 
may be used to deliver the fusion polypeptide to a host. In this manner the attenuated 
bacteria can provide the fusion protein to a host wherein the fusion protein is presented by 
the host cell in order to confer a specific immune response. 

Among the eukaryotic organisms which may serve as host cells are yeast strains such 
as PS23-6A, W301-18A, LL20, D234-3, INVSC1, INVSC2, YJJ337. Promoter and enhancer 
sequences such as gall and pEFT-1 are useful. Vra-4 also provides a suitable enhancer 
sequence. Sequences useful as functional origins of replication include arsl and 2\i circular 
plasmid. 

As used herein, the terms "espA" "espB" and "eaeA" refer to genes other than tir that 
encode pathogenic E. co//-secreted proteins. As used herein, the term "EspA" "EspB" and 
"intimin" refer to the proteins encoded by the espA, espB and the eaeA genes, respectively. 
Intimin is the product of a bacterial chromosomal LEE locus, eaeA , and is a 94 kDa EPEC 
outer membrane protein that is needed for intimate adherence. EspA, EspB, and intimin are 
secreted by EHEC as well as by EPEC. 

Antibodies and Immunological Methods. 

The Tir polypeptides of the invention can also be used to produce antibodies which 
are immunoreactive or bind to epitopes of the Tir polypeptides. Antibody which consists 
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essentially of pooled monoclonal antibodies with different epitopic specificities, as well as 
distinct monoclonal antibody preparations are provided. Monoclonal antibodies are made 
from antigen containing fragments of the protein by methods well known in the art (Kohler, 
et al, Nature 256: 495 (1975); Current Protocols in Molecular Biology, Ausubel, et al, ed., 
5 (1989)). 

The term "antibody" as used in this invention includes intact molecules as well as 
fragments thereof, such as Fab, Fab 5 , F(ab') 2 , Fv, and single chain antibody that can bind the 
epitope. These antibody fragments retain some ability selectively to bind with its antigen or 
receptor. 

10 Methods of making these fragments are known in the art. (See, for example, Harlow 

and Lane, Antibodies: A Laboratory Manual, Cold Spring Harbor Laboratory, New York 
(current edition), incorporated herein by reference). In EXAMPLE I, polyclonal mouse and 
rat antibodies to the 78 kDa EPEC protein were generated by such methods. 

An epitope is any antigenic determinant on an antigen to which the paratope of an 

15 antibody binds. Epitopes usually consist of chemically active surface groupings of molecules 
such as amino acids or sugar side chains and usually have specific three dimensional 
structural characteristics, as well as specific charge characteristics. 

If needed, polyclonal or monoclonal antibodies can be further purified, for example, 
by binding to and elution from a matrix to which the peptide or a peptide to which the 

20 antibodies are raised is bound. Those of skill in the art will know of various techniques 
common in the immunology arts for purification and/or concentration of polyclonal 
antibodies, as well as monoclonal antibodies (See, e.g., Coligan, et al, Unit 9, Current 
Protocols in Immunology, Wiley Interscience, current edition, incorporated by reference). 
The invention also provides peptide epitopes for use in designing tir specific 

25 nucleotide probes or anti-Tir antibodies. Such probes or antibodies can be used to identify 
proteins or genes that may be involved in the virulence of other pathogens, including but not 
limited to polypeptides or polynucleotides from Gram-negative bacteria. 

The antibodies of the invention, including polyclonal and monoclonal antibodies, 
chimeric antibodies, single chain antibodies and the like, have with the ability to bind with 

30 high immunospecificity to the Tir proteins, peptides or nucleotide sequences of the invention, 
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or fragments thereof. These antibodies can be unlabeled or suitably labeled. Antibodies of 
the invention can be used for affinity purification of Tir for example. Antibodies of the 
invention may be employed in known immunological procedures for qualitative or 
quantitative detection of these proteins or peptides in cells, tissue samples, sample 
preparations or fluids. Antibodies of the invention may be employed in known 
immunological procedures for qualitative or quantitative detection of the nucleotide 
sequences or portions thereof. 

The invention provides a method for detecting Tir polypeptide in a sample, including 
contacting a sample from a subject with an antibody to Tir polypeptide; and detecting 
binding of the antibody to Tir polypeptide. Binding is indicative of the presence of Tir 
polypeptide in the sample. As used herein, the term "sample" includes material derived from 
a mammalian or human subject or other animal. Such samples include but are not limited to 
hair, skin samples, tissue sample, cultured cells, cultured cell media, and biological fluids. 
For example, Tir polypeptide can be detected in HeLa cell (e.g., human) culture. In 
EXAMPLE II, Hp90 was detected in J774 macrophage-like cells by the use of such methods. 

As used herein, the term "tissue" refers to a mass of connected cells (e.g., CNS tissue, 
neural tissue, or eye tissue) derived from a human or other animal and includes the 
connecting material and the liquid material in association with the cells. As used herein, the 
term "biological fluid" refers to liquid material derived from a human or other animal. Such 
biological fluids include but are not limited to blood, plasma, serum, serum derivatives, bile, 
phlegm, saliva, sweat, amniotic fluid, and cerebrospinal fluid (CSF), such as lumbar or 
ventricular CSF. 

As used herein, the term "sample" also includes solutions containing the isolated 
polypeptide, media into which the polypeptide has been secreted, and media containing host 
cells which produce the Tir polypeptide. For example, a sample may be a protein samples 
which is to be resolved by SDS-PAGE and transferred to nitrocellulose for Western 
immunoblot analysis. The quantity of sample required to obtain a reaction may be 
determined by one skilled in the art by standard laboratory techniques. The optimal quantity 
of sample may be determined by serial dilution. 
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In one embodiment, the presence of Tir polypeptide in the sample is indicative of 
infection by enteropathogenic E. coli. In another embodiment, the presence of Tir 
polypeptide in the sample is indicative of infection by enterohemorrhagic E. coll 

Proteins, protein fragments, and synthetic peptides of the invention are projected to 
have numerous uses including prognostic, therapeutic, diagnostic or drug design 
applications. Proteins, protein fragments, and synthetic peptides of the invention will provide 
the basis for preparation of monoclonal and polyclonal antibodies specifically 
immunoreactive with the proteins of the invention. In one embodiment, the invention 
prpvides a method of immunizing a host sus^eptible-to.disease caused by Tir-producing E. 
coli, by administering to a host with the polypeptide of claiml) and inducing a protective 



immune response in the host to Tir polypeptide. The infection of the host by Tir-producing 
organism is thereby prevented. In a more specific embodiment, the Tir-producing organism 
is an E. coli strain. In an even more specific embodiment, the E. coli strain is either 
enteropathogenic or enterohemorrhagic E. coll 

In another embodiment, the invention provides a method of ameliorating disease 



caused by Tir-producing organism, by immunizing a host with Tir polypeptide and inducing 
an immune response in the host to the Tir polypeptide. In a more^eeifie-embcJ^iment, the 
Tir-producing organism is an E. coli strain. In an even more specific embodiment, the E. coli 
strain is either enteropathogenic or enterohemorrhagic E. coll 

In one embodiment, the immunized host is human. Humans can be immunized by any 
of the standard protocols well-known to those in the medical art. Enteropathogenic 
Escherichia coli (EPEC) is a leading cause of infant diarrhea and was the first E. coli shown 
to cause gastroenteritis. EPEC continues to be a significant cause of infantile diarrhea in 
developing nations contributing to high morbidity and mortality. Using human volunteers, it 
has been shown that intimin is needed for full EPEC virulence (Donnenberg et al, J. Clin, 
Inv. 92: 1412-7 (1993)). Several animal models have documented the role of intimin in 
virulence. The intimate interactions that occur between EPEC secreted proteins and the host 
cell surface emphasize the complexity of host pathogen interactions, and provide valuable 
tools to exploit and study cellular function and bacterial disease, in addition to potential uses 
in therapeutics. 
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In another embodiment, the immunized host is bovine. Cattle can be immunized by 
any of the standard protocols well-known to those in the veterinary art. Cattle are vaccinated 
then witirnr^spA, EspB, intimin, or combinations thereof. The adherence of EHEC to 
vaccinated cows is blocked by the bovine immune response. Vaccinated cattle therefore do 
not become EHEC carriers. 

EHEC has been linked to many food-borne outbreaks and sporadic cases of 
hemorrhagic colitis and hemolytic uremic syndrome worldwide. The most common 
epidemiologically-associated food is ground beef EHEC causes no disease symptoms in 
cattle, but beef and dairy cattle carry EHEC in their intestinal tracts. Contamination of 
carcasses occurs during slaughter operations. The use of vaccinated cattle is useful in 
reducing the occurrence of beef contaminated by enterohemorrhagic E. coli. 

The invention provides a method for detecting tir polynucleotide in a sample, by 
contacting a sample suspected of containing tir polynucleotide with a nucleic acid probe that 
hybridizes to tir polynucleotide; and detecting hybridization of the probe with tir 
polynucleotide. The detection of hybridization is indicative of tir polynucleotide in the 
sample. 

Recombinant Genetic Methods 

The invention provides a recombinant method for producing tir polynucleotide, 
including inserting a nucleic acid encoding a selectable marker into the polynucleotide 
encoding Tir polypeptide. The resulting polynucleotide encodes a recombinant Tir 
polypeptide containing the selectable marker. As used herein, a "selectable marker" may be 
any genetic sequence other than a tir sequence which can be detected or which encodes an 
amino acid sequence which can be detected. For example, a selectable marker may be a 
herpes simplex virus (HSV) tag, for which there are commercially available antibodies. In 
EXAMPLE VI, two genetic fusions were constructed linking the sequence encoding either 
the T7 or HSV epitopes to the 5' or 3' of tir, respectively, by the use of such methods. 

The invention provides a method of producing fusion proteins. Because / Ti^ 



secret^d-protein, it is useful as a fusion partner for cloning and expressing other peptides and 
proteins. For example, Tir fused to a protein of interest is recombinantly produced in a host 
cell, e.g.,E. coli, and the fusion protein is secreted into the culture media in which the 
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transformed host is grown. The fusion^rotein can be isolated by anti-Tir antibodiesjfollowed 
by cleavage of Tir from the peptide or proteirrof-interest. ELISA or other lt^unoaffinit)^ 



methods can be used to identify the Tir fusion protein. The invention provides a method of 
producing a Tir fusion protein including growing a host cell containing a polynucleotide 
encoding Tir operably linked to a polynucleotide encoding a polypeptide or peptide of 
interest under conditions which allow expression and secretion of the fusion polypeptides 
and isolating the fusion polypeptide. The term "operably linked or associated" refers to 
functional linkage between a promoter sequence and the structural gene or genes in the case 
of a fusion protein, regulated by the promoter nucleic acid sequence. The operably linked 
promoter controls the expression of the polypeptide encoded by the structural gene (e.g., the 
fusion protein). 

Preferred organisms in which to practice the recombinant methods of invention 
include but are not limited to bacteria. In another embodiment, the organism which is used to 
generate a mutation in a polynucleotide encoding Tir polypeptide is E. coli. Among the E. 
coli that may be transformed are enteropathogenic and enterohemorrhagic E. coll 

The invention provides a recombinant method for producing Tir polypeptide, by 
growing a host cell containing a polynucleotide encoding Tir polypeptide under conditions 
which allow expression and secretion of Tir polypeptide; and isolating the polypeptide. 
Methods of producing polypeptides and peptides recombinantly are within the scope of this 
invention. As used herein, the term "conditions which allow expression and secretion" refers 
to suitable conditions such that the nucleic acid is transcribed and translated and isolating the 
polypeptide so produced. The polypeptide produced may be a protein secreted into the 
media. Media includes a fluid, substance or organism where microbial growth can occur or 
where microbes can exist. Such environments can be, for example, animal tissue or bodily 
fluids, water and other liquids, food, food products or food extracts, and certain inanimate 
objects. For example, microbes may grow in Luria-Bertani (LB) media. It is not necessary 
that the environment promote the growth of the microbe, only that it permits its subsistence. 

Agents That Interfere with Binding Between Tir and Intimin 

In another embodiment, the present invention relates to agents that interfere with 
binding between Tir and intimin. Such binding agents may interfere by competitive 
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inhibition, by non-competitive inhibition or by uncompetitive inhibition. Interference with 
normal binding between Tir and intimin can result in a useful pharmacological effect. 

In another embodiment, the invention provides a method for identifying a 
composition which binds to Tir. The method includes incubating components comprising the 
composition and Tir under conditions sufficient to allow the components to interact and 
measuring the binding of the composition to Tir. Compositions that bind to Tir include 
peptides, peptidomimetics, polypeptides, chemical compounds and biologic agents. 

Incubating includes conditions which allow contact between the test composition and 
Tir. Contacting includes in solution and in solid phase. The test ligand/composition may 
optionally be a combinatorial library for screening a plurality of compositions. Compositions 
identified in the method of the invention can be further evaluated, detected, cloned, 
sequenced, and the like, either in solution or after binding to a solid support, by any method 
usually applied to the detection of a specific DNA sequence such as PCR, oligomer 
restriction (Saiki et aL, Bio/Technology 3: 1008-1012 (1985)), allele-specific oligonucleotide 
probe analysis (Conner et aL, Proc. Natl Acad. Scl USA 80: 278 (1983)), oligonucleotide 
ligation assays (OLAs) (Landegren et aL, Science 241: 1077 (1988)), and the like. Molecular 
techniques for DNA analysis have been reviewed by Landegren et aL, Science 242: 229-237 
(1988). 

To determine if a composition can functionally complex with the receptor protein, 
induction of the exogenous gene is monitored by monitoring changes in the protein levels of 
the protein encoded for by the exogenous gene, for example. When a composition is found 
that can induce transcription of the exogenous gene, it is concluded that this composition can 
bind to the receptor protein coded for by the nucleic acid encoding the initial sample test 
composition. 

Expression of the exogenous gene can be monitored by a functional assay or assay for 
a protein product, for example. The exogenous gene is therefore a gene which will provide an 
assayable/measurable expression product in order to allow detection of expression of the 
exogenous gene. Such exogenous genes include, but are not limited to, reporter genes such as 
chloramphenicol acetyltransferase gene, an alkaline phosphatase gene, beta-galactosidase, a 
luciferase gene, a green fluorescent protein gene, guanine xanthine 
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phosphoribosyltransferase, alkaline phosphatase, and antibiotic resistance genes {e.g., 
neomycin phosphotransferase). 

Expression of the exogenous gene is indicative of composition-receptor binding, thus, 
the binding or blocking composition can be identified and isolated. The compositions of the 
present invention can be extracted and purified from the culture media or a cell by using 
known protein purification techniques commonly employed, such as extraction, precipitation, 
ion exchange chromatography, affinity chromatography, gel filtration and the like. 
Compositions can be isolated by affinity chromatography using the modified receptor protein 
extracellular domain bound to a column matrix or by heparin chromatography. 

Also included in the screening method of the invention is combinatorial chemistry 
methods for identifying chemical compounds that bind to Tir. Thus, the screening method is 
also useful for identifying variants, binding or blocking agents, etc., which functionally, if 
not physically (e.g., stearically) act as antagonists or agonists, as desired. 

The invention provides a method for identifying a compound which interferes with 
the binding of a Tir polypeptide to intimin. The binding of Tir polypeptide to intimin is 
measured under standard conditions well-known to those in the biochemical arts. The 
binding affinity of Tir polypeptide to intimin is determined. Then, a candidate compound 
suspected of interfering with the binding of Tir polypeptide to intimin is added to a mixture 
or solution of Tir polypeptide and intimin. The binding of Tir polypeptide to intimin is then 
measured under the standard conditions. The binding affinity of Tir polypeptide to intimin in 
the presence of the compound is determined. The assay compares the binding of the Tir 
polypeptide to intimin in the presence of the compound to the binding of the Tir polypeptide 
in the absence of the compound. Compounds that interfere with the binding of Tir 
polypeptide to intimin are useful in the treatment of pathogens where the binding of Tir 
polypeptide to intimin is involved in pathogenesis, including such pathogens as EPEC and 
EHEC. Furthermore, the polypeptide or nucleotide sequences of the invention can be used to 
identify compounds or compositions which interact (e.g., bind) with them and affect their 
biological activity. Such effects include inhibition or stimulation of Tir activity or secretion. 
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The invention provides a method for using the Tir-intimin system for cell delivery. 
As used herein, a "cell delivery vehicle" is a compound, capable of containing a second 
compound of interest, that can be absorbed byaxell. In one embodiment, cells are infected 
with an intimin mutant, thereby deliveringTir to the infected cells. In a more specific 
embodiment, the cells are in vivo. In another specific embodiment, the cells are in vitro. In an 
alternative embodiment, the attaching and effacing pathogen is an intimin mutant. Intimin 
(eaeA) mutants have been described by Kenny and Finlay, Infection & Immunity 65(7) 
2528-2536 (1997). In another alternative embodiment, Tir is expressed in a cell by 
recombinant genetic methods described supra. 

.Molecules of interest can be targeted to Tir-containing cells by using an intimin- 
containing cell)delivery vehicle. As used herein, "Tir-containing cells" are cells which- 
-eontainTir. For example, epithelial cells may contain Hp90. As used herein, an "intimin- 
containing cell delivery vehicle" includes a cell delivery vehicle which comprises intimin or 
an intimin fragment capable of binding to Tir on the surface of the delivery vehicle. In one 
embodiment, the intimin-containing^eell delivery vehicle is a bead. .—^^^ 
In another embodiment, the intimin-containing cell delivery vehicle is a liposome. ) 
Liposomes may be modified using methods well known in the art by attaching thereto, either 
directly, or indirectly, such as by means of target-specific ligands, such as intimin, in order to 
impart organ or cell target specificity, as described by Malone et al, Proc. Natl Acad. Sci, 
U.S.A., 55:6077, (1989) and Gregoriadis, Immunology Today, U(3):%9 (1990). 

Various biologically active substances can be incorporated by encapsulation within 
the liposomes. These substances include drugs, as well as other kinds of pharmaceutical 
materials such as DNA, RNA, proteins of various types, protein hormones such as insulin, 
growth factors, cytokines, monokines, lymphokines, and proteins and carbohydrates that 
serve as immunogens for vaccination. 

Biologically active substances effective for cosmetic uses can also be incorporated by 
encapsulation into liposomes. These include moisturizers, vitamins, enzymes, and perfumes. 
In addition, herbicides, pesticides, fungicides etc. are examples of biologically active 
substances with agricultural uses that can be encapsulated into liposom^.~^\^ 

The dosage range appropriate for in vivo use in humansof the biologically active 
substance in liposomes of this invention includes the range of 0.001-6,000 mg/myof body 
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surface area. While doses outside the foregoing dose range may be given, this range 
encompasses the breadth of use for practically all the biologically active substances. 
However, for a particular therapeutic agent the preferred concentration can be easily 
ascertained as previously described. 

The intimin-containing cell delivery vehicle may be administered by any desired 
route; for example, intratumoral, intra-articular (into joints), intramuscular, intrathecal, 
intraperitoneal, subcutaneous, intravenous, intralymphatic, oral and submucosal. 

The invention provides a method for detecting cytoskeleton of a cell, by contacting a 
cell cytoskeleton with Tir polypeptide; and detecting the binding of Tir polypeptide to cell 
cytoskeleton. As used herein, the term "cytoskeleton" refers to a network of molecular 
filaments (such as actin, microtubules, etc.) that provide a structure for the cytoplasm of a 
eukaiyotic cell. The A/E lesion (or pedestal) is associated with the assembly of highly 
organized cytoskeletal structures in epithelial cells immediately beneath the adherent bacteria 
that include the cytoskeletal components actin, a-actinin, myosin light chain, ezrin, and talin. 
Tir binds to cytoskeleton. Detection of Tir polypeptide binding to cytoskeleton may be 
accomplished by several methods. In one embodiment, Tir binding is detected by subsequent 
binding to Tir by anti-Tir antibodies. Examples of this embodiment are provided in 
EXAMPLE I. In another embodiment, Tir binding to cytoskeleton is detected by subsequent 
binding to Tir by intimin. Examples of this embodiment are provided in EXAMPLE VII. In 
yet another embodiment, the Tir polypeptide which binds to cytoskeleton is a fusion protein. 

Kits 

This invention includes a kit containing one or more antibodies of the invention as 
well as a nucleotide based kit. In one embodiment, the kit is useful for the detection of Tir 
polypeptide and is a carrier means compartmentalized to receive in close confinement a 
container containing an antibody which binds to Tir polypeptide. As used herein, a 
"container means" includes vials, tubes, and the like, each of the container means comprising 
one of the separate elements to be used in the method. 

In one embodiment, the antibody which binds to Tir polypeptide is detectably 
labeled. In a more specific embodiment, the label is selected from the group consisting of 
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radioisotope, a bioluminescent compound, a chemiluminescent compound, a fluorescent 
compound, a metal chelate, and an enzyme. 

In another embodiment, the kit is useful for the detection of a tir polynucleotide and 
is a carrier means compartmentalized to receive in close confinement a container containing 
the nucleic acid probe that hybridizes to tir polynucleotide. In one embodiment, nucleic acid 
probe that hybridizes to tir polynucleotide is detectably labeled. In a more specific 
embodiment, the label is selected from the group consisting of radioisotope, a bioluminescent 
compound, a chemiluminescent compound, a fluorescent compound, a metal chelate, and an 
enzyme. 

In another embodiment, the kit is useful for the detection of a tir polynucleotide and 
is a carrier means compartmentalized to receive in close confinement a container containing 
a first container containing a first nucleic acid probe that hybridizes to one of two strands of 
tir polynucleotide, and a second container containing a second nucleic acid probe that 
hybridizes to the other of two strands of tir polynucleotide. The kit may be used for 
amplifying a tir polynucleotide sequence, for example, by PCR methods. In a specific 
embodiment, the first primer is complementary to one of two strands at one end of the tir 
sequence to be amplified and the second primer is complementary to the other of two e 
strands at the other end of the tir polynucleotide. Because the newly synthesized DNA 
strands can subsequently serve as additional templates for the same primer sequences, 
successive rounds of primer annealing, strand elongation, and dissociation produce rapid and 
highly specific amplification of the desired sequence. 

The following examples are intended to illustrate but not limit the invention. While 
they are typical of those that might be used, other procedures known to those skilled in the 
art may alternatively be utilized. 
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EXAMPLE I 

ANTIBODIES TO A 78 kDa EPEC-SECRETED PROTEIN 
CROSS-REACT WITH Hp90 

The purpose of this EXAMPLE is to show that antibodies to a 78 kDa EPEC-secreted 

protein cross-react with Hp90. During the attempts to purify Hp90 5 it was discovered that a 
polyclonal rabbit antiserum raised against EPEC recognized a protein that co-migrated 
precisely with enriched Hp90 from mammalian cell membranes. This cross-reactive band 
was not present when HeLa cells were infected with mutants defective for type III secretion, 
which also do not cause Hp90 tyrosine phosphorylation. Following infections which used 
radiolabeling conditions that specifically label EPEC but not HeLa proteins, 
anti-phosphotyrosine (PY) antibodies immunoprecipitated a radiolabeled protein that 
co-migrated with Hp90. In contrast, no radiolabeled Hp90 was precipitated when HeLa cell 
proteins were labeled. These preliminary findings suggested that hypothesis that Hp90 might 
be of bacterial origin. 

If Hp90 was of bacterial origin, EPEC should be able to secrete this protein. EPEC 
secretes several proteins that are involved in activating host cell signals and other events 
needed for intimate binding. EPEC does not appear to secrete any visible protein of 90 kDa, 
the molecular mass of Hp90. The secretion of EPEC proteins was optimized so that, under 
special culture conditions, EPEC secretes two additional proteins of 72 and 78 kDa, in 
addition to EspA (25 kDa), EspB (37 kDa), EspC (1 10 kDa), and two other proteins of 39 
and 40 kDa. The culture conditions are described in Kenny and Finlay, Proc. Natl. Acad Sci. 
USA 92: 7991-5 (1995). The 72 and 78 kDa bands had the same amino terminal sequence, 
(PIGNLGNNVNGNHLIPPAPPLPSQTDGAAR; SEQ ID NO:7), which was unrelated to any 
known EPEC protein. The amino terminal sequence was determined as follows: Proteins 
were transferred to PVDF paper, visualized with Ponceau red and excised for analysis. 

Additionally, antibodies raised against the other EPEC secreted proteins did not 
recognize these proteins. Higher levels of the secreted 72 and 78 kDa proteins occurred when 
multiple copies of the Per positive regulon and special growth conditions were used. High 
levels of EPEC protein secretion were obtained by diluting LB grown EPEC/ CVD450 1 :50 
in M9 minimal media containing 44 mM NaHC0 3 , and growing for 7 hr. The plasmid 
pCVD450 encoding the Per regulon was maintained using tetracycline (25 |ag/ml final 
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concentration). Bacteria were grown overnight in LB broth at 37°C without shaking prior to 
infection. Supernatants were concentrated by the addition of trichloroacetic acid (10% 
vol/vol). Polyclonal mouse and rat antibodies to the 78 kDa EPEC protein were generated, to 
determine if these antibodies could recognize Hp90. 

Polyclonal mouse and rat antibodies to the 78 kDa EPEC protein were generated as 
follows: High levels of EPEC protein secretion were induced as above and supernatants 
concentrated by the addition of 40% ammonium sulfate (wt/vol) overnight. After 
centrifugation the resulting pellet was resuspended in phosphate-buffered saline (PBS) plus 
phenylmethylsulfonyl fluoride (PMSF, 0.1 mM final cone.) and dialyzed against PBS. The 
concentrated proteins were resuspended in loading buffer and resolved by SDS-12% PAGE. 
After transferring to nitrocellulose the proteins were visualized by Ponceau red, excised, 
fragmented by sonication, and used to immunize mice and rats. The titer was assessed by 
immunoblot analysis against EPEC/CVD450 secreted proteins. Antisera was used at 
1 :2,000-l :5,000 in immunoblot analysis, and at 1 : 100-1 :200 for immunofluorescence 
microscopy. EPEC-infected HeLa cells were fractionated according to the method of Kenny 
and Finlay, Infecti6fV'& Immunity 65 (1997), using saponin to release cytoplasmic proteins 
7 aiid Triton X-100 to solubilize membrane proteins and these fractions were probed with both 
^anti-PY (to detect Hp90) and anti-EPEC 78 kDa protein antibodies. HeLa (CCL 2, ATCC) 
ceirs~wefe cultured in Dulbecco's Modified Eagles Media containing 10% fetal calf serum. 

Both antibodies reacted with proteins that behaved as Hp90 within the mammalian 
cell membrane fraction from infected but not uninfected cells (FIG. IB). Both antibodies also 
reacted with a 90 kDa protein in the insoluble (bacteria and cytoskeleton) fraction, which 
represents Hp90 bound to bacteria. In addition, anti-PY antibodies recognized Ep85, an 85 
kDa tyrosine phosphorylated EPEC protein, in the insoluble fraction. The anti-EPEC 78 kDa 
antibodies, but not the anti-PY antibodies, also reacted with the bacterial form of the 78 kDa 
protein in the insoluble bacterial containing fraction. 

Therefore, antibodies to a 78 kDa EPEC-secreted protein cross-react with Hp90, 
evidencing that Hp90 is an EPEC-secreted protein. 
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EXAMPLE II 

Hp90 IS THE TYROSINE PHOSPHORYLATED FORM OF THE 
78 kDa EPEC-SECRETED PROTEIN 

The purpose of the immunoprecipitation experiments in this EXAMPLE was to show 
that Hp90 is the tyrosine phosphorylated form of the 78 kDa EPEC-secreted protein. 

Because high levels of Hp90 are detected in J774 macrophage-like cells (TIB 67, 
ATCC), J774 cells were infected with the intimin mutant, CVD206, to maximize membrane 
levels of Hp90, fractionated, and theTrito^^ membrane fraction 

immunoprecipitated with either anti^PY^or^i^ 78 kDa antibodies. J774 A.l cells 
were cultured in Dulbecco's Modified Eagles Media containing 10% fetal calf serum. 
Immunoprecipitation was carried out as described by Kenny and Finlay, Infection & 
Immunity 65 (1997). The immunoprecipitates and post-immunoprecipitate supernatants were 
then resolved by SDS-PAGE, transferred to nitrocellulose, and probed with anti-PY 
antibodies (FIG. 2A). Using this procedure, Hp90 was cleared from the membrane fraction of 
infected cells with both antibodies (supernatant in FIG. 2A) and a co-migrating 90 kDa 
protein was recognized in the immunoprecipitate with both antibodies. 

Additional evidence that both antibodies were recognizing the same protein was 
obtained by performing two dimensional gel electrophoresis. Two dimensional gel 
electrophoresis was performed as follows: Triton X-100 soluble membrane fractions from 
J774 cells were prepared as described by Rtosenshine-e^/* EMBO 1 15: 2613-2624 (1996). 
The membranes were further purified by heating at 90°C for 5 min followed by 
ultracentrifugation at 50,000 x g, 30 min, 4°C. 100 jA solubilized membrane protein was 
precipitated using CHCl 3 /acetone/H 2 0, resuspended in 12.5 [A 2D gel sample buffer, and 
resolved on first-dimension isoelectric focusing gels, using 4% (w/v) polyacrylamide 
mini-isoelectric focusing gels (BioRad) containing 2% ampholines (0.4% pH 3-10, 1.6% pH 
5-7) at 700 V, 3.5 hrs. Second dimension electrophoresis was performed on 8% SDS- 
polyacrylamide gels. The proteins were transferred to nitrocellulose for immunoblotting with 
the appropriate antisera. Membranes containing Hp90 were isolated from CVD206 infected 
J774, and proteins separated by isoelectric focusing followed by SDS-PAGE. Duplicate 
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samples were transferred to nitrocellulose and probed with either anti-PY or anti-EPEC 78 
kDa antibodies (FIG. 2B). 

Probing with the anti-EPEC 78 kDa and anti-PY antibodies revealed that Hp90 
actually consisted of several related proteins of similar molecular weight, but varying 
5 isoelectric points. After the blots were stripped and reprobed with the other antibody, they 
showed the same pattern of spots, indicating that Hp90 and the 78 kDa EPEC secreted 
proteins were the same protein. Based on these results and the fact that tyrosine 
phosphorylated Hp90 is the intimin receptor, this protein was named Tir, for translocated 
intimin receptor. 

10 Tir in host cell membranes has a significantly different predicted molecular mass than 

the protein secreted from bacteria (90 kDa versus 78 kDa on SDS-PAGE). The difference 
was due to tyrosine phosphorylation of the 78 kDa protein in the host cell, which is not 
recognized by the PY antibodies in its bacterial secreted 78 kDa form (FIG. 3). To show this, 
membrane extracts prepared from the intimin mutant CVD206 infected HeLa cells were 

15 treated with alkaline phosphatase, which should remove all phosphate groups. An 

immunoblot was performed with the treated sample, probing with anti-EPEC 78 kDa and 
anti-PY antibodies. Cellular fractionation and alkaline phosphatase treatment was carried out 
as described by Kenny and Finlay, Infection & Immunity 65 (1997). Briefly, cultured HeLa 
cells were infected with EPEC, washed, and treated with 0.2% saponin to release the soluble 

20 cytoplasmic„fraction jn the presence of phosphatase and protease inhibitors. One percent 

C Triton X-100 was* used to solubilize the membrane proteins from the remaining insoluble 
fraction which contains adherent bacteria, host nuclei and cytoskeleton. For alkaline 
phosphatase treatment, membrane fractions were isolated in the absence of phosphatase 
inhibitors, and incubated with 2 U of alkaline phosphatase (NEB) for 4 hr at 37°C. 
25 As shown in FIG. 3, anti-PY antibodies recognized only the phosphorylated (90 kDa) 

form of Tir in untreated membranes. In contrast, the EPEC 78 antibodies recognize the 90 
kDa Tir in untreated membranes and also a band of the same molecular mass as the secreted 
EPEC 78 kDa protein in the phosphatase treated membrane fractions. A lower molecular 
weight band was also detected which may be a breakdown product due to extended digestion. 



-40- 



Alkaline phosphatase treatment of the EPEC 78 kDa secreted protein did not affect its 
migration. 

These results indicate that Hp90 and the 78 kDa EPEC secreted proteins were the 
same protein. The difference in molecular masses between these two forms of Tir is due to an 
alkaline phosphatase-sensitive modification, presumably tyrosine and possibly serine or 
threonine phosphorylation. 

EXAMPLE III 

ANTI-EPEC 78 kDa ANTIBODIES COLOCALIZE WITH Hp90 IN MAMMALIAN 

CELLS 

The purpose of this EXAMPLE was to show that anti-EPEC 78 kDa antibodies 
colocalize with Hp90 in mammalian cells. Because antibodies against both PY and EPEC 78 
kDa proteins recognized the same protein, it was examined whether they labeled infected 
HeLa cells similarly using immunofluorescence microscopy. 

Tyrosine phosphorylated proteins, presumably Hp90 (i.e. tyrosine phosphorylated 
Tir), are apparent in distinct horseshoe shaped structures at the tip of actin-rich pedestals 
beneath adherent bacteria. P Y antibodies only recognize this protein if infected HeLa cells 
are permeabilized, indicating that PY residues are not exposed on the cell surface. When 
infected HeLa cells were co-labeled with antibodies against PY (FIG. 4B) and the EPEC 78 
kDa protein (FIG. 4C), the labeling pattern was completely superimposable (FIG. 4D). 
Anti-EPEC 78 kDa antibodies only stained areas of the HeLa cells immediately beneath the 
bacteria, and did not label free bacteria (see arrows in FIG. 4C). When infected HeLa cells 
were labeled with both anti-EPEC 78 kDa and FITC-phalloidin to stain actin (FIGS. 4E-H), 
anti-EPEC 78 kDa staining was localized to the tip of the actin pedestal, directly underneath 
bacteria, rather than staining the entire actin pedestal (FIG. 4H). This pattern of staining is 
identical to that observed by co-labeling with anti-P Y and FITC-phalloidin. 

These results also show that Tir is phosphorylated in the host cell. 
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EXAMPLE IV 

THE TYPE III SECRETION APPARATUS AND ITS SECRETED PROTEINS, EspA 
AND EspB, FACILITATE DELIVERY OF TIR INTO HOST CELLS 

The purpose of this EXAMPLE was to examine the role of the type III secretion 
apparatus and its secreted proteins on Tir delivery into HeLa cells. Strains containing 
mutations in genes encoding the type III secretion apparatus (sep and cfm) or secreted 
proteins, EspA or EspB (espA or espB\ do not produce a tyrosine-phosphorylated Tir in host 
cells. However, the non-tyrosine phosphorylated form of Tir might still be delivered to the 
host cell. Membrane extracts from EPEC or mutant infected HeLa cells were isolated and 
probed with anti-PY and anti-EPEC 78 kDa antibodies (FIG. 5). 

The tyrosine phosphorylated 90 kDa form of Tir was only detected with anti-PY 
antibodies in the EPEC and CVD206 infected membranes. The anti-EPEC 78 kDa antibodies 
recognized the same 90 kDa band in EPEC and CVD206 membrane extracts, but strains 
containing mutations in espA, espB, or cfm- 14 did not contain detectable levels of Tir in the 
membrane (FIG. 4) or cytoplasmic fractions. The 78 kDa form of Tir in EPEC or CVD206 
infected cells was not detected, suggesting a rapid modification to 90 kDa. The bacterial 
form of the 78 kDa Tir protein was present in the insoluble fraction containing adherent 
bacteria of all these strains. Only the EPEC infected HeLa cell insoluble fraction contained 
the 90 kDa form of Tir which localizes to this fraction due to its interaction with intimin. 

Therefore, EspA and EspB, which are both secreted by the type III system, are 
needed for efficient delivery of Tir to the host membrane fraction. 

EXAMPLE V 

GENETIC CHARACTERIZATION AND MUTATION 
OF THE GENE ENCODING Tir. 

The purpose of this EXAMPLE was to undertake a genetic characterization of the 

bacterial gene that encodes Tir. The amino terminal sequence of the 78 kDa EPEC protein 
was used to design a synthetic oligonucleotide, using the Locus of Enterocyte Effacement 
(LEE) codon usage preferences, to identify the homologous DNA sequence. DNA fragments 
overlapping the LEE region were examined, because this region is capable of eliciting Tir 
tyrosine phosphorylation when cloned and expressed in non-pathogenic E. coli. 
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The synthetic oligonucleotide hybridized to a single DNA fragment in the LEE region 
upstream of the intimin gene eaeA, which was then cloned and sequenced (FIG. 6A). The 
cloning and DNA sequence analysis of tir were performed as follows: Based on N-terminal 
protein sequence data of Tir, a degenerate oligonucleotide was designed and used this 
oligonucleotide in Southern hybridization under stringent conditions to identify and then 
clone a 3800 bp EcoRI fragment from the LEE region into the vector Bluescript SK(+) 
pSK-/z>. The resulting vector was digested with Exonuclease HI (Erase-a Base; Promega) to 
obtain a set of nested deletions, which were used to determine the DNA sequence of tir using 
the Taq DyeDeoxy™ Terminator Cycle Sequencing Kit from Applied Biosystems. Priming 
of DNA sequencing reactions utilized the Ml 3 Forward Primer and the T3 Primer. EPEC 
strains E2348/69, CVD206, cfin 14-2-1(1), and, UMD872 (espA), UMD864 (espB) have 
been described by Donnenberg et aL, Infection & Immunity 60: 3953-61(1990); Donnenberg 
et aL, Trends Microbiol. 5: 109-1 14 (1993); Foubister et aL, Infection & Immunity 62: 
3038-40 (1994); Foubister et al, J. Exp. Med. 179: 993-8 (1994); Jerse etal, Proc. Natl 
Acad Sci. USA 87, 7839-43 (1990); Kenny and Finlay, Proc. Natl Acad ScL USA 92: 
7991-5 (1995); and Rosenshine etal, EMBOJ. 11: 3551-60 (1992) 

The tir gene (SEQ ID NO: 1 ; Genbank accession number AF0 1 3 1 22) is located 
upstream of eaeA, with a previously described open reading frame, orfU, between eaeA and 
tir (FIG. 6B). Partial open reading frames containing homologies to orfj and the C-terminus 
of Tir are present in EPEC and the other attaching and effacing pathogens EHEC, RDEC and 
Citrobacter rodentium (formerly C.freundii biotype 4280) (Genbank accession numbers 
M58154, U32312, U60002, LI 1691). The amino terminal sequence of the purified protein 
matched exactly the predicted protein sequence, except that the amino terminal methionine 
was not present in the secreted EPEC protein. Proteins that are secreted by type III secretion 
systems retain their amino-terminal methionine residues. Because Tir lacks this methionine, 
Tir may not directly use the type III secretion system for its secretion, although its efficient 
transfer to host cells is dependent on EspA, EspB and the type IE secretion pathway (FIG. 5). 

Neither the tir gene nor its product, Tir, showed significant homology with any 
known genes or proteins using a BLAST homology search. 
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Although the Tir protein is predicted to encode a 56.8 kDa protein, a molecular mass 
of about 78 kDa was observed for the secreted protein, which may reflect some additional 
bacterial modification or abnormal migration due to amino acid composition or structural 
features. Tir contains two predicted membrane spanning sequences with six tyrosine residues 
in the C-terminal half of the protein which may serve as substrates for phosphorylation (FIG. 
6A). Tir is predicted to have two transmembrane domains (TM predict, ISREC, Switzerland) 
with the six tyrosine residues, potential kinase substrates, in the C-terminal half. As predicted 
for EspA and EspB, Tir appears to be slightly acidic (predicted pi of 5.16) which was 
verified by two dimensional gel electrophoresis analysis. 

To show the role of this protein in pedestal formation a chromosomal deletion in the 
tir gene was constructed (FIG. 6B). The chromosomal deletion mutant was constructed as 
follows: the primers 

MS 102 + (5-AAAGTCGACAAGAACCTGAGAACCAG-3'; SEQ ID NO:8) and 
MS 103 - (5 '-TTTGTCG ACTTATGTTTGTG AAGGTAGTGG-3 ' ; SEQ ID NO:9) 
were used to create a 5' deletion of 795 bp between bp 149 and bp 795 of the tir gene using 
inverse PCR amplification of pSK-tir. The oligonucleotide MS 103 also introduced a Sail 
restriction site into the PCR product and a stop codon to terminate protein translation. The 
resulting 3000 bp SaW Sacl tir deletion fragment was cloned into the positive-selection 
suicide vector pCVD442 (SaWSacI) and used to construct the deletion mutant by allelic 
exchange. 

The resulting mutant strain did not express the EPEC 78 kDa protein or transfer Tir to 
HeLa cells (FIG. 5). In addition, this mutant did not cause significant accumulation of 
phosphotyrosine proteins or actin beneath adherent bacteria (FIG. 7A), although some actin 
was clustered in the vicinity of adherent bacteria similar to that seen with intimin mutants. 
The deletion mutation did not affect the secretion of the other EPEC secreted proteins or 
prevent the expression of intimin. When unpermeabilized HeLa cells were stained with 
anti-EPEC 78 kDa antibody, there was labeling of HeLa cell surfaces infected with the 
intimin mutant (which doesn't sequester Tir beneath bacteria), but no staining was observed 
with uninfected cells or those infected with the tir mutant, indicating that Tir epitopes are 
exposed on surface of infected HeLa cells. 
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These results show that Tir is a novel protein and tir is a novel polypeptide. 



EXAMPLE VI 
EPITOPE TAGGING OF Tir 

The purpose of this EXAMPLE was to confirm that the 90 kDa tyrosine 
phosphorylated protein in epithelial membranes was the EPEC Tir protein. Two genetic 
fusions were constructed linking the sequence encoding either the T7 or HSV epitopes to the 
5' or 3' of tir, respectively. 

Construction of 11 -tir and ftr-HSV fusions were performed as follows: Briefly, the tir 
gene was amplified by PCR introducing unique restriction sites to enable in frame fusions 
with the T7 or HSV sequences in the pET28a and pET27b set of vectors (Novagen). The 
tagged tir gene, lacking the His tag, was then cloned into a pACYC184 based vector for 
expression. The resulting plasmids were transformed into the EPEC tir allelic deletion strain 
and used to infect HeLa cells. Fluorescence microscopy of infected cells revealed typical 
pedestal formation with co-localization of both T7 and HSV epitopes and actin in 
characteristic horseshoe patterns (FIG. 7A). This phenotypic complementation with the 
tir-HSV construct, which encodes tir but not the downstream orfU gene, indicates that the 
phenotype of the tir deletion mutation is not due to a polar effect on the orfU gene product. 

The membrane fractions of cells infected with EPEC expressing T7 tagged Tir were 
also compared to those infected with the intimin mutant CVD206. T7-Tir was detectable in 
HeLa cell membrane extracts using antibodies against EPEC 78 kDa, T7, and PY (FIG. 7B). 
The addition of the T7 tag increased the apparent molecular mass of the Tir phosphorylated 
protein compared to that observed with CVD206. In contrast to T7-Tir 5 Tir itself did not 
cross-react with the T7 antibodies (FIG. 7B). 

T7 specific antibodies were used to immunoprecipitate membrane fractions of HeLa 
cells infected with CVD206 or the T7-Tir strain. As expected the T7 antibodies did not 
immunoprecipitate the 90 kDa Tir protein, while they precipitated the slightly larger T7-Tir 
fusion protein which was recognized by antibodies against either PY, T7, or EPEC 78 (FIG. 
7B). 

This proves that T7-Tir is tyrosine phosphorylated and of bacterial origin. 
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EXAMPLE VII 
INTIMIN BINDS TO Tir FROM EPEC 
BY GEL OVERLAY EXPERIMENTS 



The purpose of this EXAMPLE was to determine if intimin can bind directly to Tir 
secreted from EPEC. 

Gel overlay experiments were performed using EPEC supernatants grown under 
conditions which express Tir. Gel overlays were performed as follows: Samples were 
resolved by 12% SDS-PAGE and transferred to nitrocellulose prior to blocking in 5% 
non-fat milk in Hyb75 (20 mM HEPES [pH 7.7]; 75 mM KC1; O.lmM EDTA; 2.5 mM 
MgCl 2 ; 1 mM DTT; 0.05% NP40) for 2 hr at room temperature. His-T7Intimin was 
incubated overnight in 1% BS A/TBS (Tris-buffered saline), washed and bound fusion 
detected by T7 antibodies (1 :5000 in 1% BSA/TBS) followed-by-goat.anti-mouse horse 
radish peroxidase (1 : 10,000 in 1% BSA/TBS plus 0.1% Tween-20) usinkthe ECL detection 
system (Amersham). V J 



These supernatants were probed with purified His-T7Int-fusion protein, which 
contains the 280 C-terminal residues of intimin. The fusion protein was constructed as 
follows: The MBP-Int genetic fusion was constructed, and MBP and MBP-Intimin fusions 
purified, as described elsewhere (Frankel et al 9 1994). The same portion of intimin was 
cloned into pET28a to make a His-T7Int in frame fusion and purified using a agarose-nickel 
column as described by the supplier (Novagen). 

Thus, EPEC growth culture supernatant was serially diluted, doped with a constant 
amount of uninfected HeLa membrane extract, resolved by SDS-PAGE and transferred to 
nitrocellulose before adding the His-T7Int peptide and detecting the bound fusion protein 
with anti-T7 antibodies. FIG. 7A shows that the His-T7Int protein specifically bound to a 
single 78 kDa band, subsequently identified as Tir by probing the same blot with anti-EPEC 
78 kDa antibodies. This binding occurred in a concentration dependant manner. The level of 
Tir present in the supernatant, even at the highest concentration used, was below detection 
with Coomassie Blue. 

The 280 C-terminal residues of intimin do not bind to § x integrins. Binding of 
MBP-Int to epithelial cells has been detected when the cells have been preinfected with 
EPEC, but not to uninfected cells or those infected with type III secretion or signaling 
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mutants, cells which still express p,integrins. When MBP-Int is used to precipitate the 90 
kDa form of Tir from epithelial membranes, integrins are not co-precipitated, despite their 
presence in the epithelial membrane extract used for precipitations. Additionally, using gel 
overlay systems, various intimin fusion proteins only bind to Tir but not to the larger 
molecular weight p,integrins (or any other epithelial membrane molecule) (FIG. 8 A). Tir 
extracted from epithelial membranes was probed with polyclonal antibodies directed against 
p! integrins and have detected no crossreactivity. p, integrins are not co-localized beneath 
adherent EPEC on epithelial cells (although Tir is), and EPEC adheres strongly to the apical 
surface of polarized epithelial cells which do not contain known pj integrins. The reasons for 
these discrepancies remain unresolved, but the results strongly suggest that Tir is the main 
intimin receptor on cultured mammalian cells. 

These data show that intimin does not bind to any HeLa cell membrane molecule; 
that under these conditions intimin can bind to unphosphorylated Tir,; and that other EPEC 
secreted proteins are not needed to facilitate this binding. 



The purpose of this EXAMPLE was to develop an ELISA to examine the specificity 
of intimin interactions with EPEC secreted Tir. 

ELISAs were carried out as previously described by Kenny et al, Infection & 
Immunity 65 (1997). For binding/competitive ELISAs, 100 \x\ of EPEC or tir supernatant 
grown under conditions that induce Tir secretion was added to Immulon 96-well (Dynatech 



Laboratories, Inc) plates. After blocking with 200 |il ().1% Tween-20/PBS/ wells were 
incubated with a) 100 ^1 of His-T7Int (0.75 ng/ml in PBS)-or.2,fold'senal dilutions in PBS 
or b) 100 |il His-T7Int (0.75 ^ig/ml in PBS) containing 170 jig/ml MBP-Int or 85 ^ig/ml MBP 
in addition to 4-fold serial dilutions into PBS containing 0.75 |ag/ml His-T7Int. Binding of 
the His-T7Int fusion was detected with T7 antibodies and visualized spectrophotometrically 
at absorbance wavelength A490 as previously described by Kenny et al, Infection & 
Immunity 65 (1997). 



EXAMPLE VIII 
INTIMIN BINDS TO Tir FROM EPEC 
BY ELISA 
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ELIS A wells were coated with growth supernatant from EPEC or the isogenic tir 
mutant. The presence of roughly equivalent levels of the other EPEC secreted proteins and 
the absence of Tir in the tir supernatant was confirmed by Coomassie staining and 
conventional ELIS A probing supernatant dilutions with anti-EPEC 78 kDa or EspB 
antibodies (FIG. 8B). Serial dilutions of purified His-T7Int fusion protein was added to the 
coated ELISA plate and bound fusion protein detected using anti-T7 antibodies. As shown in 
FIG. 8B (middle panel) His-T7Int bound only to the wells containing Tir in the growth 
supernatant. This binding was in a dose dependent manner, with near saturation binding 
occurring at 75 ng/well (25 nM). His-T7Int (75 ng/well) binding to immobilized EPEC 
supernatants was inhibited in a dose dependent manner by increasing concentrations of 
maltose binding protein (MBP)-intimin fusion peptide, but not by MBP alone (FIG. 8B, right 
panel). 50% inhibition of binding occurred with roughly equal molar amounts of both fusion 
proteins (25 nM). 

These results again emphasize that intimin can bind unphosphorylated Tir in a 
specific manner. 

EXAMPLE IX 
Tir ISOLATED FROM EHEC 

The purpose of this EXAMPLE was to investigate the structure of Tir in 

enterohemorrhagic E. coli (EHEC). The tir gene was cloned and its sequences were 
compared to those of enteropathogenic E. coli (EPEC). The amino acid sequence homology 
among the Tir polypeptides is shown in FIG. 9. 

Cloning and sequence analysis of tir genes was done as follows: The DNA fragment 
encoding EHEC tir was obtained by PCR from EHEC chromosomal DNA using primers 
derived from the published sequence of enteropathogenic E. coli. Vent DNA polymerase was 
used for PCR to amplify chromosomal DNA from EHEC strains. The PCR reaction was 
carried out for thirty cycles of denaturation at 94°C for one minute, annealing at 55°C for one 
minute, and elongation at 72°C for two minutes. The resulting product was ligated into the 
commercially available plasmid pBluescript and both strands were sequenced. DNA 
sequencing was done as follows: The DNA fragment encoding the tir genes was amplified by 
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PCR using the primers, and EHEC chromosomal DNA as the DNA template. The resulting 
blunt end fragment was digested with Sail and cloned into the SaR-Smal site of the 
commercially available plasmid pBluescript-H SK (+). The DNA sequence of EHEC tir was 
determined using the commercially available Taq DyeDeoxy kit. Open reading frames were 
found in the cloned regions and both of these DNA sequences were similar to EPEC tir. 

These results show that EHEC encodes a tir gene, and that the predicted Tir 
polypeptide is highly conserved in EPEC and EHEC. 

EXAMPLE X 
RABBIT MODEL FOR EPEC VIRULENCE 

The purpose of this EXAMPLE was to show that EspA and EspB are critical for 

virulence. Using human volunteers, it has been shown that intimin is needed for full EPEC 
virulence (Donnenberg etal, J. Clin. Inv. 92:, 1412-7 (1993)), and several animal models 
have documented the role of intimin in virulence. A natural rabbit EPEC infection model was 
used to demonstrate that EspA and EspB are critical for virulence. 

RDEC-1 and its espA and espB mutant strains were inoculated by the orogastric route 
into young rabbits. Most RDEC-1 was found in the cecum and colon one week postinfection. 
However, the number of either mutant strain was greatly decreased in these tissues compared 
to the parent strain. RDEC-1 adhered specifically to the sacculus rotundas (follicle associated 
epithelium) and bacterial colonization was also observed in the cecum, indicating that the 
sacculus rotundas in the cecum is an important colonization site for this pathogen. The 
adherence levels of the EspA' and EspB" strains to the sacculus rotundas were 70 and 8000 
times less than that of parent strain. These results show that the adherence ability and tissue 
tropism of RDEC-1 are dependent on the two Esp secreted proteins. Furthermore, EspB 
appears to play a more critical role than EspA in bacterial colonization and pathogenesis. 
This is the first demonstration that the enteropathogenic E. coli secreted proteins, EspA and 
EspB, which are involved in triggering of host cell signal transduction pathways, are also 
needed for colonization and virulence. 

Animal infections were performed as follows: Overnight bacterial cultures were 
collected by centrifugation and resuspended in one ml of phosphate-buffered saline. New 
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Zealand white rabbits (weight 1.0 to 1.6 kg) were fasted overnight, then five ml of 2.5% 
sterile sodium bicarbonate and one ml of RDEC-1 or espA or espB strains (2.5xl0 10 ) were 
inoculated into the stomach using orogastric tubes. The same dosage of bacteria was 
inoculated into each rabbit the following day. 

Clinical assessments were performed as follows: Each rabbit was weighed daily and 
fecal shedding of bacteria were collected by rectal swabs and from stool pellets. Rectal 
swabs were rolled over one half of the surface of MacConkey plates containing nalidixic 
acid. Five stool pellets or same amount of liquid stool were collected from each rabbit and 
resuspended in three ml phosphate-buffered saline and 0.1 ml of each stool suspension was 
plated onto MacConkey plate containing nalidixic acid. The growth of nalidixic resistant 
colonies was scored as follows: O, no growth; 1, widely spaced colonies; 2, closely spaced 
colonies; 3, confluent growth of colonies. 

Sampling and preparation of tissue were performed as follows: Tissues were excised 
immediately following sacrifice by intravenous injection of ketamine and overdosing with 
sodium phenobarbital. 

The amount of bacterial colonization in intestinal tissues was assayed as follows: The 
intestinal segments (10 cm), except cecum, were doubly ligated at their proximal and distal 
ends, and dissected between the double ligated parts, then flushed with 10 ml of ice-cold 
phosphate-buffered saline. One gram of viscous contents from the cecum was added to 9 ml 
phosphate-buffered saline. The resulting phosphate-buffered saline suspensions were diluted 
and plated on MacConkey plates containing nalidixic acid. 

The amount of bacterial adherence to intestinal tissues was assayed as follows: Tissue 
samples were excised using a 9 mm diameter cork punch, washed three times with 
phosphate-buffered saline, added to two ml of ice-cold phosphate-buffered saline, and 
homogenized with a homogenizer, then serial diluted samples were plated onto MacConkey 
plates. The numbers of bacteria adherent to each tissue per square centimeter were calculated 
as follows: CFU/cm 2 = the bacterial number/plate x dilution factor x 2 ml/- 0.452 

These data indicate that these molecules and the functions they perform are critical 
for pathogenesis. The intimate interactions that occur between EPEC secreted proteins and 
the host cell surface emphasize the complexity of host pathogen interactions, and provide 
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valuable tools to exploit and study cellular function and bacterial disease, in addition to 
potential uses in therapeutics. 



EXAMPLE XI 

DEVELOPMENT OF A BOVINE VACCINE AGAINST EHEC 

The purpose of this EXAMPLE is to provide a bovine vaccine enterohemorrhagic E. 

EHEC has been linked to many food-borne outbreaks and sporadic cases of 
hemorrhagic colitis and hemolytic uremic syndrome worldwide. One outbreak in 1993 on the 
west coast of the United States involved over 500 cases and the deaths of several young 
children. EHEC is the third most frequent cause of food-borne illness in the US. The most 
common epidemiologically-associated food is ground beef. EHEC causes no disease 
symptoms in cattle, but beef and dairy cattle carry EHEC in their intestinal tracts. 
Contamination of carcasses occurs during slaughter operations. — 

Cattle are vaccinated them with^r^EspA, EspB, intimin, or combinations thereof. 
The adherence of EHEC to vaccinated cows is blocked by the bovine immune response. 
Vaccinated cattle therefore do not become EHEC carriers. 

The use of vaccinated cattle reduces the occurrence of beef contaminated by 
enterohemorrhagic E. coll. The reduced release of contaminated foods into the marketplace 
consequently reducing, and perhaps even eliminating, the incidence of EHEC 
food-associated illnesses and their associated economic burdens. 



EXAMPLE XII 

DEVELOPMENT OF AN ASSAY TO SCREEN FOR INHIBITORS OF 
Tir POLYPEPTIDE BINDING TO INTIMIN 

The purpose of this EXAMPLE is to provide an assay to screen for a compound 

which interferes with the binding of a Tir polypeptide to intimin. 

The binding of Tir polypeptide to intimin is measured under standard conditions. A 
Scatchard plot of the binding is generated to determine the binding affinity of Tir polypeptide 
to intimin. 
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Then, a candidate compound suspected of interfering with the binding of Tir 
polypeptide to intimin is added to a mixture or solution of Tir polypeptide and intimin. The 
binding of Tir polypeptide to intimin is then measured under the standard conditions. A 
Scatchard plot of the binding is generated to determine a change in the binding of Tir 
polypeptide to intimin. 

The assay compares the binding of the Tir polypeptide to intimin in the presence of 
the compound to the binding of the Tir polypeptide in the absence of the compound. 
Compounds that interfere with the binding of Tir polypeptide to intimin are useful in the 
treatment of pathogens where the binding of Tir polypeptide to intimin is involved in 
pathogenesis, including such pathogens as EPEC and EHEC. 



EXAMPLE XIII 

A METHOD DIFFERENTIATING BETWEEN EPEC AND EHEC 

The purpose of this EXAMPLE is to demonstrate a method for differentiating among 

pathogens that contain very similar virulence factors. An isolated strain of an attaching and 
effacing pathogen, either EPEC or EHEC, is used to infect tissue culture cells. The tissue 
culture cells are probed with anti-phosphotyrosine and anti-Tir antibodies. The binding of 
anti-phosphotyrosine and anti-Tir antibodies to the bacteria in the infected tissue culture cells 
is detected by both immunofluorescence or Western blots. 

EPEC in the infected tissue culture cells show a positive response for both 
anti-phosphotyrosine and anti-Tir antibody binding. EHEC in the infected tissue culture cells 
show a positive response for anti-Tir antibody binding and a negative response for both 
anti-phosphotyrosine binding. 



EXAMPLE XIV 
TARGETED CELL DELIVERY 

The purpose of this EXAMPLE is to use the Tir-intimin system for targeted cell 

deliyery.-HeLa cells in tissue culture are infected with an eaeA EPEC (intimin mutant) strain. 
A intimin-containing delivery vehicle is constructed and introduced into the culture. The 



delivery vefficle-is a-liposome encapsulating p-galactosidase. After appropriate incubation, 
the cells are washed and stained with X-gal. A blue color indicates that P-galactosidase is 
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delivered to the cell by the liposome. Control cells treated with non-intimin-containing 
liposome encapsulating p-galactosidase stain at detectably lower intensity. 

The results of this EXAMPLE show that Tir is delivered to cells and that a vehicle 
which targets Tir can deliver biochemicals to these cells. 

Although the invention has been described with reference to the presently preferred 
embodiments, it should be understood that various modifications can be made without 
departing from the spirit of the invention. Accordingly, the invention is limited only by the 
following claims. 
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